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One of the most important microbiological
processes in agriculture is the production of nodules on
the roots of leguminous plants by bacteria of the genus
Rhizobium. Through the symbiotic association of plant and
bacteria in these nodules the vast reservoir of nitrogen in
the atmosphere becomes available either directly or
indirectly to plants and animals. In southern Australia
and New Zealand symbiotic nitrogen fixation has been widely
exploited through the medium of legume-based pastures which
have come to play a very important role in agricultural-
production. In these countries, where low-cost pastoral
and crop production form the basis of overseas earnings,
and where fertiliser nitrogen is relatively expensive,
legumes provide the main source of nitrogen for both crops
and pastures.

Under favoracvle conditions, the amount of nitrogen
fixed by legumes may be very high. Sears (1953) has
estimated that high producing white clover pastures in New
Zealand fix 200-500 1t. of nitrogen per acre each year. On
a light-textured soil in the south-east of South Australia
Powrie (1964) has measured 150 1b. of nitrogen fixed per
acre by a first-year subterranean clover pasture sown on
land recently cleared of native scrub.

In spite of losses through leaching, denitrifica-
tion and export of produce, addition of nitrogen to soil

by legume fixation is considerable. In New Zealand, on a
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rhyolitic volcanic ash soil, Walker, Thapa and Adams (1959)
found that nitrogen accumulated at the rate of 100 1b. per
acre each year under white clover pasture. Donald and
Williams (1954) showed that on a podzolic soil in New South
Wales the nitrogen increment under subterranean clover
pasture was linearly related to phosphate application,
with 85 1b. of nitrogen accumulating per hundredweight of
superphosphate applied.

Largely because of their role in nitrogen
fixation and improvement of soil fertility, the use of
pasture legumes has extended to many soils previously
carrying native vegetation. On this newly-developed
country however, conditions are not always favorable for
legume nodulation and establishment. . For example, on deep,
acid sands in South Australia protlems in establishment of
the two commonly-grown legumes, subterranean clover and
lucerne, are well known. At Mt. Compass, in the Adelaide
hills, previous trials have shown that lucerne often fails
completely, while subterranean clover may be yellow and
unthrifty for many weeks after germination, On this and
similar acid sands in the south east of South Australia,
the failure of legumes to estabtlish has generally been
attributed to poor nodulation, and a variety of causes,
including low pH, low soil calcium, and poor Rhizobium
survival, have been implicated.

Further information on the reasons for legume

failure in Mt. Compass sand is needed, particularly on the
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effect of calcium and soil pH on legume nodulation. Liming,
the addition of calcium carbonate or calcium hydroxide to
soil, is a common method of overcoming nodulation problems
on acid soils, yet its effects are not completely understood
By raising pH, lime is known to increase the survival and
multiplication of rhizobia in the soil; raising pH may
also allow better root development of the host. The
calcium ion is also required by the legume for growth, and
is essential for nodulation; even greater amounts are
required for nitrogen fixation. Few experiments have been
specifically designed to investigate these effects and

thelr interrelationships in soils where nodulation problems
have been encountered. This has been the principal
objective in the present study.

Field observations suggest that subterranean
clover and lucerne differ in their requirements for growth
and nodulation and that lucerne is less tolerant of
conditions in these problem sande than is subterranean
clover. (Warcup, Hoockley, Powrie, unpublighed.) This has
important agronomic implications on these solls. Lucerne
is often a more valuable plant agronomically than is
subterranean clover. With its deep-rooted perennial habit,
it has the ability to utilise soill water more effectively
and survive long periods of drought. The difference in
behaviour of the two specles 1s also of intrinsic interest,
as 1t could reflect basic differences in the ability of the
speclies and thelr associated rhizobia to withstand acid



conditions, and in the need for and ability to absord
calcium.

The present study was undertaken to provide
further information on the reasons for legume failure in
the acid sands at Mt. Compass, and define more clearly the
requirements of lucerne and subterranean clover for optimum
growth and nodulation under these conditions.

Initially water culture trials were used to carry
out studies of the growth response of subterranean clover
and lucerne to varying levels of calcium and hydrogen iomns,
uncomplicated by soil factors. Further experiments
examined the effects of these ions on nodule formation, and
the responses obtained were related to the function of
calcium in the host species.

The reasons for the failure of the two legumes to
nodulate and establish satisfactorily in Mt. Compass sand
were examined in a series of field and pot trials and the
effects on nodulation of calcium, pH and Rhizobium numberv
on the seed were investigated. The basic information
obtained in water culture trials was used in interpreting
the results. The effect of temperature on nodulation was
also examined in a series of growth room studies, as it was
considered that low winter temperatures at Mt. Compass were
adversely affecting legume nodulation, and might possitly

be interacting with soil chemical factors.



II LITERATURE REVIEW

A, Calcium, pH and Plant Growth.

1. Calcium in soil.

Coleman, Kamprath and Weed (1958) have prepared a
comprehensive review on calcium in soil and plant. Caleium
is generally the dominant cation in the soil solution, and
exchangeable calcium is readily available to plants,
although less so from unsaturated montmorillonitic than
from illitic or kaolinitic clays or from soil organic
matter (Russell, 1961). Release of calcium into the soil
solution and uptake by plants also depends on the nature
and proportion of complementary exchangeable cations
(Black, 1957). Calcium deficiency in soils is usually
associated with various acidity effects, and it is often
difficult to differentiate one from another (Hewitt,
1952a). Although Albrecht and Smith (1952) consider
calcium deficiency prominent in the condition called "soil
acidity injury", both Truog (1948) and Aslander (1952)
consider that calcium supply is seldom the limiting factor
in crop production omn acid soils, There appears, however,
to be little doubt that calecium is an important factor
influencing plant growth, being deficient in at least some
acid soils (Colwell and Brady, 1945; Rogers, 1948;
Melsted, 19533 Andrew, 1960; Tiver, 1960; Andrew and
Norris, 1961).

2. Calcium in the plant.

In the plant, caleium is considered to have a



variety of functions. It is essential for growth of
meristems; and Marinos (1962), working with the shoot apex
of barley, suggested that calcium is essential for the
formation of the cell membrane systems on which the
functional integrity of cell metabolism is dependent.
Calcium has also been implicated-in the activity of enzyme
systems in plants (Coleman et al., 1958). The occurrence
of calcium as a constituent of cell walls in the form of
calcium pectate in the middle lamella has been widely
accepted (Hewitt, 1963). Recently Ginzberg (1961) showed
that calcium is important in the cell wall as a cross-—
linking agent in the protein gel of intercellular cement,
Florell (1956, 1957) obtained evidence that calcium
favoured the formation of, and increased the protein
content of, mitochondria. In view of the role of mito-
chondria in aerobic respiration, and hence salt uptake,
calcium appears to have a direct regulating effect on the
uptake of other ions.

Calcium is essential for normal growth of plant
roots (Sorokin and Sommer, 1940; Wiersum, 1958) and must
be continuously availatle in the nutrient medium to ensure
this (Presley and Leonard, 1948; Haynes and Robbins, 1948).
Birstrom (1952, 1954), working with wheat roots, concluded
that a minimal amount of calcium was needed for cell
division and 10 times that amount for cell elongation;
still higher levels were sometimes needed to detoxicate

hydrogen ions. He suggested that calcium, in its effects



on roots, may represent an "antiauxin" and as such,
enhances root elongation. BHrstrom also found that calcium
played an important part in the formation of cell walls of
roots. He concluded that growth of cells starts with an
increase in tensibility of the walls which is independent
of calcium, and that this is followed by a calcium-
induced formation, by intwu s susception, of the elastic
components of the final wall., Recent work (Brstrom,
1964 ) has suggested that a similar response to calcium
occurs during growth of cell walls of pea seedling stems.
Calcium is also essential for the formation and growth of
root hairs, where it is used for cell wall formation
(Cormack, 1949, 1962). In view of the importance of root
hairs in nodulation of legumes, this aspect is discussed
in greater detail in a following sectioﬁ.

Calcium deficiency appears to have two main
effects on plants; it causes stunting of the root system,
and affects growing points and younger leaves. Growing
points are often killed, young leaves may be severely
distorted, and petioles may collapse, especially in
clovers (Wallace, 1951; Millikan, 1953; Snaydon, 1962b;
Hewitt, 1963). Millikan and Hanger (1964) studied the
effects of various levels of calcium on the distribution
of Ca45 in subterranean clover. Their findings help
considerably in accounting for the onset of calcium

deficiency symptoms in that plant.
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3. Calcium, pH and root hair development.

Root hairs result from retardation in elongation
of root epidermal cells and are produced by internal
pressure on weaker portions of an unequally hardened cell
wall (Cormack, 1962). They develop-acrepetal?,wthe#first
hairs appearing very close to the root apex (Cormack,
1949). Once a certain stage in the development of
epidermal cells has been reached, they no longer have the
capacity to form hairs.

Farr (1927 a b ¢, 1928 a b) concluded at the end

of a long series of experiments with Brassica 0leraceae

that root hairs will not grow at all unless calecium is
present in the surrounding solution, and that calcium is
used directly from this source for cell wall formation.
The hydrogen ion concentration was also shown to be an
important factor, but the inhibitory effect of low pH on
~root hair growth was overcome to some extent by increasing
the amount of calcium. Ekdahl (1957a) grew roots of wheat
seedlings in nutrient solutions having pH values of 5.5,
6.3 and 7.2, and found that both increasing pH and
addition of calcium increased root hair length.

The effects of calcium and pH on root hair
development have been extensively investigated by Cormack
(1935, 1944). Micro-chemical tests revealed that calcium
combined with pectic acid in the hardening of cell walls.
Cormack (1959 a, b) used ED T A (Ethylenediamine tetra-—

acetic acid) in solutions to chelate calcium ions and thus



reduced formation of calcium pectate in the elongating
epidermal cell walls. Root hair formation on tomato and
Bragsica roots was greatly reduced and the root hairs

were short and sometimes swollen, while cell walls remained
soft and uncalcified. Normal root hair formation resumed
when the treated roots were transferred to a solution
containing calcium without E D T A. Cormack concluded that
the concentration of calcium and the pH of the solution
determine the rate at which calcification takes place.

Cormack's findings on the importance of external
calcium on calcification of the root hair wall have been
questioned by Ekdahl (1953, 1957b) partly on the evidence
that roots of most plants develop abundant hairs in moist
air in the absence of any external calcium supply.
However, Cormack, Lemay and McLachlan (1963) were able to
demonstrate that radio-active éalcium was translocated from
seed to the root hairs of white mustard, corn, and tomato,
growing in moist air. Radio-autographs showed conspicuous
radio-activity along the walls of the hairs, increasing in
concentration near the base. These findings are compatible
with the view that gradual calcification is essential for
the normal growth and form of the hair.

The length of epidermal cells seems to be
inversely related to the length of fully-grown root hairs.
The longest epidermal cells are either hairless or produce
short hairs, while the shortest epidermal cells produce the

longest hairs. Cormack (1935, 1944) found that short cells
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were able to calcify their cell walls at an early stage and
thus formed root hairs; long cells were not able to do this
and remained hairless. Under conditions that retarded
calcification (insufficiency of calcium and slightly acid
conditions), root hair development was decreased, or was
completely absent in extreme cases.

The numerous studies of root hair growth and
development have shown clearly that calcium supply and
hydrogen ion concentration not'iny determine the capacity
of epidermal cells to produce root hairs, but determine
also the shape and length of the hairs themselves.

4. Absorpbtion and movement of calcium.

Uncertainty still exists as to the mechanism of
calcium uptake by plant roots. Some workers have considered
the process to be one of metabolic uptake (Fried, Noggle
and Hagen, 1958; Epstein, 1961; Lopushinsky, 1964).
However, Moore, Jacobson and Overstreet (1961a), in
experiments with excised barley roots, concluded that
calcium uptake was largely non-metabolic.

Varying concepts also exist as to the mode of
upward translocation of calcium in the plant stem. It has
been commonly accepted that calcium moves in the trans-
piration stream by mass flow (Hylmo, 1953). This concept
of movement by mass flow was recently challenged by Bell
and Biddulph (1963) who indicated that in bean plants,
tracer calcium moved up the stem by a process of exchange.

Recent work by Ahmed (1963) on movement of radioactive
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calcium and phesphorus in bean plants supports these
findings.

Calcium has long teen recognised as an ion which
is slowly absorbed and translocated (Overstreet and Jacob-
son, 19523 Biddulph, Cory and Biddulph, 1959; Ahmed,
1963). The appearance of calcium deficiency symptoms at
growing points may bte partly attributed to lack of
translocation of this element from older plant parts.
Gauch (1940); McAlister and Krober (1951); and Biddulph
et al. (1959), all report little or no movement of calcium
from cotyledons of bean plants to young seedlings, and
conclude that the calcium in the cotyledons is largely
immobile. 'Gauch (1940) also noted that although roots of
calcium-deficient bean plants contained relatively large
amounts of calcium, there was little translocation to
other parts of the plant. Calcium moves upward largely in
the xylem and there is probably little downward movement
in the phloem. In experiments with soybean plants,
Biddulph et al. (1959) found that there was little movement
of foliar applied ca*? from the leaf, and concluded that
the amount translocated in the phloem was very small.
Although the findings of Millikan and Hanger (1964)
generally support the view that calcium is immobile in
the plant, their results also showed that some trans—

location of Ca45

may occur when calcium-deficient subter-
ranean clover plants are provided with sufficient non-

radioactive calcium to induce new growth. They found that
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Ca45, previously unavailable, was translocated to new
leaves produced up to 9 weeks after the non-radioactive
calcium was supplied. The mobile'Ca45‘came mainly from
the roots.

5. Effects of pH on calcium absorption and requireument.

Cation absorption is greatly affected by hydrogen
ion concentration (Hoagland and Broyer, 1940; Fawzy,
Overstreet and Jacobson, 1954). This is particularly so
with the uptake of calcium and has been the subject of a
number of studies. Arnon, Fratzke, and Johnson (1942)
examined the uptake of calcium by 5-week-old plants of
tomato, lettuce and Bermuda grass placed for 96 hours in
a series of nutrient solutions ranging, in graduations of
a unit, from pH 3 to pH 9. At pH 3, injury to roots
occurred and calcium was not absorbed. At pH 4 and 5
calcium absorption was lower than at higher values,
particularly with tomato and lettuce, and the poor growth
obtained at these values was thought to be related to the
reduced absorption. These studies were continued ty Arnon
and Johnston (1942), who grew the three plant species for
5 weeks in a similar pH range, but using three levels of
calcium (1, 4 and 14 me Ca/l). At pH 3, the hydrogen ion
concentration dominated all three calcium levels, and
complete failure of growth resulted. Growth of tomatoes
and lettuce in solutions maintained at pH 4 and 5 was
increased by raising the calcium level in the solution.

At pH 6 the lowest calcium level was sufficient for optimum
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growth. At pH 5 plant growth in solutions containing 14

me Ca/l was equal to that at pH 6, but at pH 4 plants grown
at this level weighed only half as much. Arnon and Johnson
(1942) concluded that, within the pH range 4 to 8,
fluctuations in hydrogen ion concentration had little effect
on plant growth provided an adequate supply of calcium

(and other nutrients) was maintained. These conclusions
conflict with their experimental results, however, in view
of the low plant yield they obtained at PH 4, even at high
calcium.

Sutton and Hallsworth (1958) studied the effects
of hydrogen ion concentration, and calcium and manganese
supply on the yield of lucerne in both agar and water
culture. Although they obtained good growth in agar at
PH 4 with a high supply of calcium and nitrogen, in water
culture the same hydrogen ion concentration was much more
toxic, and little response to calcium and nitrogen
occurred. This aspect was further investigated in sand
culture, and it was concluded that the greater tolerance of
low pH shown in agar was due to a pH rise around the plant
roots. If this could be maintained, (e.g. in agar) then
the plants showed no injury at pH 4. If a high rate of
renewal of the nutrient solution prevented a local increase
in pH, then the plants were injured. These authors also
found that temperature and light intensity affected the
incidence of acid-injury symptoms. At pH 4, plants

growing at 5% developed injured root systems, but those
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at 2500 grew normally. The effect of light intensity was
éven more pronounced, and it was only at high light
intensities that an interaction was noted between pH and
calecium. No clear explanation was given for this effect.

The interaction of calcium and hydrogen ions in
determining plant growth was also investigated by Loneragan
and DoWling (1958) in their studies of the nodulation of
subterranean clover in water culture. Although at pH 3.5
they obtained reductions in root or shoot weight at all
caleium levels (0.2 - 20.0 me/l) and at PH 4.0 reduction of
root weight at 0.2 me Ca/l1, from PH 4.5 to 6.0 there was no
significant effeet of either calcium or hydrogen ions on
the dry weight production of either roots or shoots.

Results of studies by Arnon et al. (1942) and
Arnon and Johnson (1942) suggest that higher concentrations
of calcium are necessary to support a given rate of
absorption at low than at high pH. Jacobson, Moore and
Hannapel (1960) using excised barley roots, attempted to
explain the effect of calcium on the absorption of mono-
valent cations, such as H'. They postulated that the
presence of calcium in the solution creates s barrier,
probably at the root surface, which is particularly
effective in tlocking hydrogen ions. Waisel (1963) provided
supporting evidence, demonstrating that the effect of
calcium was primarily on the selective permeability of the
outer cell membrane, probably the plasmalemma. Magnesium

was found to be almost as efficient as caleium in preventing
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the harmful effects of low pH.

6. Effects of calcium and pH on availability and uptake

0of other nutrients.

Many studies have shown that calcium enhances the
uptake of monovalent ions, such as K" and Rb+, by excised
roots (Viets, 1944; Fawzy et al., 1954; Kahn and Hanson,
19573 Jacobson et al., 1960; Jacobson, Hannapel, Moore
and Shaedle, 1961; Waisel, 1962; Rains, Schmid and
Epstein, 1964) or whole plants (Higdon and Marshall, 1959;
Jackson and Evans, 1962), but reduces the uptake of others
such as Na'. Other studies (Moore, Overstreet and Jacobson,
1961b) have shown that calcium considerably depresses
magnesium uptake. Calcium has been found to be essential
for the uptake of nitrate from an external medium
(Nightingale, Addoms, Robbins and Schermerhorn, 1931;
Gauch, 1940; Skok, 1941; Burstrom, 1954) while Tanada
(1955), working with excised mung bean roots, reported that
the uptake of rubidium and phosphorus was greatly enhanced
by the presence of calcium.

Hewitt (1952a) has summarised the effects of pH
on nutrient availability. In addition to direct injury to
plants by hydrogen ions and physiologically impaired
absorption of calcium, magnesium, and phosphorus, low pH
may increase the solubility of aluminium, manganese, and
possibly other heavy metals, to toxic levels in the soil.
In addition, low pH may decrease the availability of

phosphorus and molybdenum.



7. YVarietal differences in calcium requirement and pH

tolerance.

Quantitative variations in higher plant require-
ments for essential elements have teen recognised for many
years. For instance, temperate legumes generally require
a higher level of calcium than grasses growing under the
same conditions (Coleman et al., 1958). In recent years,
it has been realised that even strains and varieties within
a species may vary in their requirement for an element
(Vose, 1963b; Gerloff, 1963).

Until recently comparatively few studies of the
requirement of calcium by related species had been made.
In an unlimed soil low in calcium Andrew and Norris (1961)
found that, as compared with four temperate legumes, the
higher yields obtained from five tropical legumes were
associated with their superior ability to take up calcium.
Bradshaw, Lodge, Jowett and Chadwick (1958, 1960), using
nutrient culture, studied the response of seven species
of grass to levels of calcium varying from 0.25 to 10 me
Ca/l. The growth of some species was consideratbly reduced
at the lowest levels of calecium, while others grew equally
well at all calcium concentrations.

Snaydon (1962a) and Snaydon and Bradshaw (1962a)
observed a highly significant interaction between edaphic

ecotypes of Trifolium repens and calcium supply. Ecotypes

native to acid upland swards produced greater growth in the

acid soil low in calcium, than did ecotypes with a high
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calcium requirement from a chalk soil. The reverse was true
when the plants from the two populations were grown on the

chalk soil. Similar results were obtained for ecotypes of

Festuca ovina (Bradshaw and Snaydon, 1959), but Agrostis

tenuis did not show any correlation between population
origin and soil type or calcium supply. Snaydon (19621v),
working in sand culture, determined the response to calcium

of Trifolium incarnatum, T. pratense, T. repens and

T. hybridum, over the range 0.2 to 6.4 me Ca/l. T. incar-
natum showed the greatest response to calcium and was

severely affected bty low levels of calcium., T. hybridum

was the least responsive, but showed a gradual increase in
yield with increasing calcium. Snaydon concluded that
there was a close relation between response to calcium and
edaphic tolerance of the species. The data of Vose and

Jones (1963), who worked with varieties of Trifolium repens,

support Snaydon's conclusions. Millikan (1953) and J.XK.
Powrie (pers. comm.) have shown that a similar variation in
response to calcium exists amongst varieties of subterranean
clover. Kruckeberg (1954) found that the adaptability of

certain ecotypes of Streptanthus glandulosus to serpentine

soils in California was their tolerance of low calcium
levels. Robinson (1942) working with clones of white
clover, and Vose (1963a) working with 12 varieties of
perennial ryegrass, btoth found significant differences in
calcium content within the clones and varieties respectively

examined. The reasons for the differences in calcium uptake
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and requirement between species and/%cotypes are not yet

clear, nor is the mode of inheritance of these characters
understood (Vose, 1963b).

The marked differences in the calcium require-
ments of strains, varieties and populations of some pliants
indicate that calcium is a factor to be considered in the
edaphic distribution of species. This could be of agri-
cultural significance where legumes are being established
on soils of low calcium content, such as the acid sands of
southern Australia.

The relationships between ecological distribution
of species and soil pH are well known (Swmall, 1946), but
the precise causes of such observed distribution are less
well established. The many factors which contribute to the
"soil acidity complex" have been summarised by Hewitt
(1952a), The need for crop varieties adapted to acid soils
has stimulated selection work in this field, and Dessureaux
and Ouellette (1958) have selected strains of lucerne
tolerant of toxic levels of manganese, which, with aluminium
toxicity, is a major factor in the soil acidity complex.
Some tolerant genotypes contained less manganese and
aluminium, and more calcium in aerial parts than susceptible
ones. An increase in the calcium concentration of the
nutrient solution reduced manganese toxicity in the lucerne
(Ouellette and Dessureaux, 1958). These authors suggest
that the rate of uptake of calcium determines the degree of

tolerance to manganese and aluminium. Varieties tolerant
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of manganese and aluminium toxicities have also been isol-
ated in wheat and barley (Neenan, 1960), oats (Munns,
Johnson and Jacobson, 1963), and ryegrass (Vose and Randall,
1962, )

B, Nodulation in Legumes.

Although a number of reviews have appeared in
recent years covering various aspects of the interrelation-
ships between leguminous plants and root nodule bacteria
(Norris, 1956; Nutman, 1956, 1959a, 1963; Hallsworth,
19585 Allen and Allen, 1958; Loneragan, 1960; Jordan,
1962; Raggio and Raggio, 1962; Vincent, 1962a; Virtanen
and Miettinen, 1963; Nicholas, 1963), a trief outline of
nodule formation is given as an introduction to discussion
of factors which affect nodulation.

1. Occurrence of rhizobia in soil.

Wherever legumes occur naturally, nodule bacteria
are found widely in the soil, but their ecology has bteen
little studied. Wilson (1930, 1931) counted Rhizobium

trifolii and R. leguminosarum in long term manurial plots

which had been free from leguminous crops for at least 10
years. In the test year, the plots were sown to either
peas, clover, cowpea, potatoes or oats. Rhizobium number

varied from 1 to 106

per gram of dry soil, with fewest in
plots without legumes or with low pH or low exchangeable
calcium. Both kinds of bacteria were stimulated most by
clover. According to Nutman (1963) the soil population of

nodule bacteria declines in the absence of legumes. At
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Woburn (light sandy soil) and Rothamsted (heavy clay) the

numbers of Rhizobium trifolii, R, leguminosarum and

R, meliloti were counted in permanent clean fallows over a

period of several years. In both soils the relative rate
of fall in number of each species was fairly constant,
with the half-life of population about 35 days. The clay

soil supported the larger populations, with R. trifolii

being the more abundant and R. meliloti less so.

Greenwood (1964) indicated that in New Zealand

R. meliloti are absent from most soils although they may be

plentiful on some neutral soils. On the other hand,

R, trifolii are wuch more widespread but are atsent or only

patchily distributed on acid soils where pasture legumes
have not grown previously, e.g. gumland, pakihi and glacial
moraine soils. Greenwood found that after liming

R. trifolii established and multiplied rapidly in these

soils,

Although spore formation in rhizobia has not been
definitely proved (Graham, Parker, Oakley, Lange and Sand-
erson, 1963) some cells can survive under favorable condi-
tions for many years. dJensen (1961) records that cultures

of Rhizobium meliloti in sterilised soil remained viable

and effective after storage for 30-45 years at room temper—

ature. OSimilar cultures of R. trifolii and R. leguminosarum

were still effective after 10-14 years storage.

2. Multiplication in the rhizosphere.

As the first step in nodulation, nodule bacteris



in the soil nearby are stimulated to multiply in the
rhizosphere by secretion of nutrients and growth factors
from the root (Nutman, 1963). Rovira (1962) lists +he
many different substances lost in small amounts from roots.
These include phosphorus and calcium, sugars, amino acids,
vitamins, organic acids, nucleotides, flavonones, and
enzymes. The rhizosphere stimulation is not specific and
affects many other soil micro-organisms besides nodule
bacteria. It is not confined to leguminous roots, although
non-legumes generally stimulate the rhizosphere population
to a small degree (Starkey, 1931; Rovira, 1961; Rovira
and Stern, 1961). Rhizobia tend to be stimulated more than
most other micro-organisms on legume roots. The larger
stimulatory effects of legumes compared with those of other
plants are not, however, correlated with more copious
exudation (Rovira, 1959).

Densities of nodule bacteria in the rhizosphere
may te 100 times that of non-rhizosphere populations
(Purchase and Nutman, 1957). These densities are generally
reached before the young seedling is susceptible to
invasion.

Whatever the exact relationship tetween stimula-
tory exudates, the eanvironment, and the response of
Rhizobium, free living nodule bacteria clearly derive
considerable ecological advantage from the presence of the
legume host. BSo far as is known, the advantage to the host

of an increased population of rhizobia in the rhizosphere
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is only indirect in that it provides a reservoir for
infection.

3. Invasion of the root.

Clover roots are usually infected through root
hairs at or near a part of the hair which has been deformed
or curled by bacterial secretions. Entrance has also been
recorded through broken epidermal and cortical cells
(McCoy, 1929; Bieberdorf, 1938) and ruptured tissue at the
site of rootlet emergence (McCoy, 19293 Allen and Allen,
1940),

The curling is thought to be caused by excretion
of IAA (3-indole acetic acid), Kefford, Brockwell and Zwar
(1960), in investigations with subterranean clover, showed
that exudation of tryptophan may take place from rocts and
that this could be converted to IAA by nodule bacteria.

The evidence on this point is not coneclusive, however, as
Sahlman and Fahraeus (1962) consider that other soluble
substances besides IAA are involved in root hair curling.

The curling of the root héirs, like the rhizo-
sphere stimulation of bacterial numbers, is s non-specific
reaction except that it is confined to legumes. Al
Rhizobium secretions act on all hosts, even those from
strains which are unable to infect the host (McCoy, 1932;
Kefford et al., 1960).

Rhizobia normally invade the curled root hair
tip, but the mechanism of infection is not yet clear.

The bacteria are known to produce an extra-cellular poly-
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saccharide slime (Fahraeus and Ljunggren, 1959; Ljunggren
and Fahraeus, 1961) and, if bacteria capable of infection
are present, this induces the host to secrete polygalactu-
ronase (PG). The function of the PG is not knowvm, but it
may act with IAA to affect the plasticity of the primary
wall of the young root hair, and thus assist in penetration.
Nutman (1956) suggested that no actual penetration occurs,
the root hair wall instead becoming invaginated to form an
infection thread. This is possibly preceded by incorpora-
tion of the bacteria in the primary wall material. Results
of electron microscope studies of clover root hair infection
(Sahlman and Fahraeus, 1964) support the invagination
hypothesis proposed by Nutman.

An infected hair is usually recognised by the
presence within it of a hypha-like infection thread contain-
ing the bacteria. The infection thread, consisting largely
of cellulose laid down by the host cell, grows at its tip,
which is free from cellulose. Growth occurs only when the
host-cell is nearty (Fahraeus, 1957; Nutman, 1959b).

Nutman (1959b, 1962) examined the infection of
root hairs of young seedlings of 12 species of Trifolium

and of Vicia hirsuta, using the Fahraeus glass slide

technique (Fahraeus, 1957). He confirmed earlier findings
that only a very small number of deformed root hairs are
visibly infected, and that a relatively small proportion
of infected hairs are associated with nodule formation.

Growth of the infection thread may be arrested at an early
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stage in the root halr, or later in the cortical cell, and
nodule formation consequently fails., The first infections
were found to occur at a few well-separated zones or foci
on the root, and spread from these points. The number of
infected hairs increased exponentially at a rapid rate, but
dropped sharply with the appearance of the first nodule.

4. Nodule initiation and development.

The nodule itself is initiated when the penstra-
ting infection thread approaches a preformed tetraploid cell
in the cortex (Nutman, 1963). Repeated division of the
tetraploid and neighbouring diploid cells then occurs,
with branches of the infection threads spreading through
the tetraploid cells as they are formed. The mass of cells
rapidly differentiates into the young nodule. 'The uninfec-
ted diploid tissue differentiates into nodule cortax,
vascular traces and other tissue, while a nodule meristem
of both tetraploid and diploid cells provides for further
nodule growth.

The bacteria are released from the infection
threads into the ftetraploid cells, where they multiply
rapidly and are then transformed into swollen, and some-
times branched bactercids. Swmall groups of bacteroids then
become surrounded by membrane envelopes from the host's
cytoplasm (Bergersen and Briggs, 1958; Dart and Mercer,
1963; Jordan, Grinyer and Coulter, 1963). It is only in

tissue containing bacteroids that nitrogen is fixed.



N
\Ji

5. Nodule size and number.

The nodulating habit of a species is broadly
related to its rooting habit. Those with strongly developed
taproots, e.g. Medicago, nodulate less abundantly than
fibrous rooting species such as clovers (Jensen, 1947;
Nutman, 1953). This host variation is genetic, and is
evident within, as well as between species. High or low
nodule numbers on the root may be selected and bred for in
the host (Nutman, 1958). It has long been known that
nodule size and abundance tend to be inversely related,
large nodules occurring sparsely upon the root, and small
nodules abundantly (Nutman, 1959a; Jones, 1962), In any
one line of host, a compensatory mechanism occurs so that
the total nodule volume per plant becomes fairly constant.

Once a nodule has been formed, further root hair
infection and nodule formation in the viecinity is greatly
reduced (Nutman, 1949, 1956, 1962; Dart and Pate, 1959),
This suggests that fully-formed nodules inhibit further
nodule formation.

Nutman (1949), working with red clover

(Zrifolium pratense), and Dart and Pate (1959), working

with barrel medic (Medicago tribuloides) seedlings,

observed that delaying inoculation resulted in a marked
stimulation of nodulation. This occurred mainly or the
lateral roots which had developed in the meantime. The
stimulation of nodulation was probably due to wore root

hair sites being available before inhibition by early-
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formed nodules restricted further infection. On the other
hand, nodules formed earlier on the taproot appeared to
exercise a localised and cumulative influence, tending to
restrict further nodulation on lateral roots, and also
restrict lateral root development itself (Nutman, 1948).
Nodules on the lateral roots were found to be less
inhibitory than the large earlier-formed nodules on the
taproot, and after delayed inoculation, further nodulation
continued at a much increased rate (Nutman, 1949). Where
inoculation was delayed "clumps" of nodules formed on the
later roots (Dart and Pate, 1959) suggesting lowered host
resistance to infection.

Nutman (1949, 1956) has suggested that the origin
of the inhibitory effect is in the meristematic tissue in
both the roots and the nodules. ZExperimental confirmation
of this was obtained by excising nodules, rcot tips, cr
nodule meristems, such excision being fcllowed by stimula-~
tion of infection in the period immediately following the
operation (Nutman, 1952). No inhibitory substance has teen
isolated so far although Pate (1958) has shown that rnodules
of several legumes contain large amounts of growth
substances,

The alternative hypothesis of a nutritional
effect on host plant development and nodulation is equally
acceptable at the present time. In this case it is
suggested (Dart and Pate, 1959; Nutman, 1962) that certain

nutrient substances in their passage down the root are



diverted to the newly-developed nodule meristems, thereby
restricting development nearer the rocot apex.

C. Factors Affecting Nodulation.

lMany factors are known to influence nodulation,
and those which are directly concerned in this study are
discussed in this section.

1. Calcium and pH.

Calcium and pH have teen recognised for many
years as factors influencing nodulation of legumes. Their
effects are of particular interest as they may he closely
connected with the effects on plant growth previously
discussed. The use of calcium carbonate or calcium
hydroxide in nodulation studies, especially in experiments
with soil, has prevented determination as to whether
beneficial effects are due to addition of caleium, raising
of pH, or both (Anderson and Spencer, 1948; Harris, 1961),
Both calcium and pH are known to be important for growth
and multiplication of rhizobia, and also for nodulation
(Tiver, 1960; Loneragan, 19603 Vincent, 1962a). It has
recently been shown (Loneragan, 1959) that calcium, in
amounts greater than that required for growth of the host
plant, is necessary for actual nitrogen fixation.

(a) Calcium and growth of rhizobia.

The question of whether or not calcium is
required for growth of Rhizobium has recently become g
lively topic among microbiologists. It had teen commonly

accepted that large amounts of calcium were needed (Norris9
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1956), but Loneragan and Dowling (1958), in their investi-
gations on the growth of Rhizobium, failed to obtain any
response to added calcium in a medium already containing
0,032 me Ca/1 although a marked response in growth of the
subterranean clover host plant was obtained. Norris,
(1959) was able to maintain a large number of strains in
serial subculture in a medium free from detectable calcium,

and concluded from this work that Rhizobium did not need

calcium in detectable amounts.

In carefully controlled studies, Vircen: (1962b)
was able to clarify the issue. He showed that the caleium
requirement of Rhizobium is low, and deficiency only
becomes apparent at less than 0.050 we Ca/l. The magnesiunm
requirement, however, is much higher, and deficiency
occurs below 0.200 me/l. Additionally there is a nesd for
total divalent cations of the order of 0,50-1.20 une/l,

This can be met by either calcium or magnesium provideid
both are sufficient for their maximum specific effects.

(b) pH, and survival and growth of rhizobia.

In wmany nodulation trials involving caleium
carbonate application to acid soils the main response
appears to have occurred through an increase in Ehizobium
survival and multiplication due to increased soil pH
(Anderson and Moye, 1952; Vincent and Taters, 1954
Jenkins, Vincent and Waters, 1954; Blair and Dennett,
19603 Mulder and Van Veen, 1960; Parle, 1962; During,

Cullen and Mountier, 1963). There are few reports of a
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specific response to calcium in nodulation in the field,
Spectacular increases in Rhizobium numbers in the rhizo-
sphere of red clover following additions of lime have
been recorded by both Mulder and Van Veen (196Q) and
Rovira (1961). The former workers also noted that the lime
had no effect if clover was absent.

Jensen (1942) provided information concerning the

influence of pH on the growth of Rhizobium trifolii and

B. meliloti, and noted the greater acid %tolerance of the

former. The critical acid reaction for growth of

R. trifolii in water-culture was found to he approximately

PH 5.2, while the corresponding figure for R. meliloti was

5.4, R. meliloti however, was more tolerant of alkaline

conditions than R, trifolii. Loneragan and Dowling (1958)

have verified Jensen's results for R. trifolii, finding

growth occurred only above pH 5.0, although after 4 days
at pH 4 the cells were still viable.

These data agree with field observations on the
natural occurrence of the two species (Greenwocd, 1964),

and the ability of R. trifolii to become established in

acid soils. Vincent and Waters (1954) found that

Ro trifolii failed to grow in soil at pH 4.8-5.0 but

raising the pH to 7.0 with calcium carbonate caused marked
improvement. Several workers (Spencer, 19503 Jenkins,
Vincent and Waters, 1954; Mulder and Van Veen, 1960) have
found that clovers failed to nodulate on acid soils (pH

about 5.0) at normal levels of inoculum,; but did form
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nodules if a very heavy level of inoculum was used. In
these cases, the soil was probably too acid to allow
multiplication of the bacteria, but not too acid to prevent
them from forming nodules if the number of cells arcund the
root was sufficiently high.

(¢) Effects of calcium and pH on nodulation.

It is possitble that effects of calcium and pH on
nodulation are due to interactions on the rhizotial
population and the infection process itself. This would
make their elucidation difficult. Among the first attempts
to explain their action were experiments conducted by
Albrecht (1933), who studied the effect of calcium level on
nodulation of soybeans over a pH range of 4.0-6.,5, The
calcium supply was adjusted by mixing differert amounts of
Ca-H clays of the required pH with quartz sand. At and
below pH 5.0 nodules did not form at any lewvel ¢f calcium.
Above this, a marked effect of calecium supply on nodulation
occurred, as well as an interaction tetween calcium level
and pH. For example, at pH 6.5, less calcium was required
to produce a given number of nodules than at lower pH
levels, suggesting that at intermediate pH levels (pH 5.5
and 6.0) calcium uptake was depressed by hydrogen ions.
Albrecht (1932) also showed that soybeans needed greater
amounts of calcium for nodulation than for growth of the
host plant, and that the effect of calcium on nodulation
was probably through the host plant itself (Albresht and
Davis, 1929).
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Jensen (1947), investigating the effect of pPH on
nodulation of lucerne and subterranean clover grown in sand
culture, concluded that nodulation in lucerne was more
sensitive to acidity than that in subterranean clover., He
observed that nodule numbers on lucerne decreased markedly
below pH 5.5 but the numbers on clover were little affected
even at pH 4.5. Spencer (1950) found that nodulation of
subterranean clover was increased in an initially acid scil
(pH 5.0) provided PH was raised and calcium supplied.
Either treatment on its own had little effect. Spencer
concluded that the main pH effect was probatly on multi-
plication of rhizobia and the calcium effect on ncduliastion.
Powrie (1964) obtained a significant increase in nodulation
of lucerne when he applied calcium carbonate tc an infertile
podzolised sand in the south-east of South Australia. He
attributed the respomse to correction of calcium deficiency
raising of pH, or both. Calcium responses in nodulation
have recently been demonstrated by Andrew and Norris (1961)
who grew five tropical and four temperate pasture legumes

(Medicago tribuloides, M. sativa, Trifolium fregiferum,

T. repens,) in a calcium-deficient sand (pH 5.8). They
considered that the addition of calcium carbonate %o this
soil was primarily one of calcium nutritiorn of the species,
and that there was a greater calcium requirement for
nodulation than for plant growth.

The specific role of calcium in nodulation has

been greatly clarified by Loneragan and Dowling (1958) who
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showed the importance of this element itself, and also its
interaction with pH. Their work agrees with and greatly
expands Albrecht's (1933) earlier findings. Loneragan and
Dowling grew subterranean clover in water culture at five
PH levels (4.0, 4.5, 5.0, 5.5 and 6.0) and at four calcium
concentrations (0.02, 0.20, 2.0 and 20.0 me/1). At pH 4
or lower no nodules were formed it any calcium concentration,
while at 0.02 me Ca/1 no nodules were formed at any pH
used. Above these critical levels, almost maximum
nodulation could te ottained by an increase in either
calcium or pH, so that each factor was to a large degree
replaceable by the other. Calcium and hydrogen ions in the
range of concentrations which produced these marked inter—
actions on nodulation had no measurable effect on plant
growth and it was concluded that the calcium requirement
for nodulation of subterranean clover was higher than that
Zor growth of the host plant.

Loneragan and Dowling found that aydrogen ions
depressed calcium uptake by the plant. fhey suggested that,
in tae range of concenbrations in which thay vere replace-
a2ole, the eiffects of caleium and hydrosen ions on noduls—
tlon were through their influence on :he level of calcium
in the plant. Dhe actual stase in nodulation 2t -hich

L

calcium excrcised its effect sas nob dedined, howrever. In

P

view ol the antagoalstic elfect thay uitrite is huown o
exert on nodulation (Thornton, 1936; Gibson and futman,

1960; Tlanner and inderson, 19563), interpretition of
H ?
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Loneragan and Dowling's findings are complicated by the
presence of 5 me/l KNO3 in the nutrient solution, Had
nitrate teen absent, or present at only a low level in the
nutrient solution, then nodulation of subterranean clover
could well have teen different,

2. Rhizobial survival.

Before nodules appear upon the clover root,
nodule tacteria in the soil nearby, or frowm inoculated
seed, are stimulated to multiply in the rhizosphere. In
Australia and New Zealand the inability of rhizobia to
survive either as inoculum on the seed or as free living
bacteria in the soil has bteen an important factor in
preventing successful legume nodulation in many soils
(Vincent, 1958),

(2) Survival on seed.

In soils suspected of tveing deficient in the
required strain of Rhizobium, lezume seed to ke sown is
inoculated with bacteria from either a peat or agar
culture. Rhizobia are known to survive better in peat than
in agar (Vincent, 1958). In recent years pelleting of
legume seed with a variety of substances, either before or
after inoculation, has bteen used commercially to increase
survival and wmultiplication of the bacteria bhefore nodula-
tion (Brockwell, 1962, 1963),

Root-nodule bacteria are particularly susceptible
to death by desiccation. Vincent, Thompson and Donovan

(1962) have studied the survival of Rhizobium trifolii
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applied to glass beads, and to seeds of subkterranean clover.
They found the death rate to be rapid, especially in the
first few hours after inoculation. 4ddition of wmaltose or
guw argbic to the distilled water-Rhizobium suspension
reduced the death rate considerably.

The presence of a toxic factor in the seed coat
of legumes was suggested by Lobb (1958) who claimed that
the response he obtained to charcoal pellieting of lucerne
was possibly due to absorption of an inhibitor. Since
then, Thoumpson (1960, 1961) and Bowen (1961) have demon-—
strated the presence in the seed coat of subterranean
clover, of an antibiotic which is active against a range of
rhizobia. DBowen found that inhibition was strong in
subterranean clover but weak in lucerne. In Jield triuals,
Thompson (1961) found that paysical separation of the seed
coat asnd lnoculum with various pellets of inert material
improved the nodulation of subterranean clover, presumnakbly
by protecting the inoculuwm from the antibiotic. He
concluded that this substance could contribtute to loss of
viability of nodule bacteria on the seed, both in storage
and in Tield sowings., Vincent et al. (1962) also found
that seed coat inhibitors could reduce survival of
Rhizobkium tacteria on subterranean clover seed, and on
glass bkeads to which a seed-coat extract had been added.
Gum arabic coating gave some protective effect and
improved survival.

The technique of lime-pelleting of clover and
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lucerne seeds has teen used for some years and is standard
commercial practice on many slightly acid soils in
Australia and New Zealand where nodulation failure is a
problem (Loneragan, Meyer, Fawcett and Anderson, 1955;
Blair and Bennett, 1960; Hastings and Drake, 1960;

Walker, 1963; Cass Smith and Goss, 1964). The main
function of the small guantity of fine lime round the seed
is probably to reduce acidity in the soil adjacent to the
seed and thus encourage Rhizobium survival and multiplica-
tion. On some soils low in calcium the lime may even supply
sufficient calcium for initial nodulation to occur. Lime-
pelleted seed may be sown with soluble fertilisers, such as
superphosphate, with little damage to the inoculum. Lime-
pelleting of seed may not always te beneficial however, as
Adams (1964) has shown that a depression in nodulation may
sometimes follow its use. DBut the reason for this
depression is not known at present, although it could te
due to effects of lime on trace elewent availability or of
seed coat inhibitors on inoculum survival.

Brockwell (1962, 1963), in a reappraisal of seed-
pelleting, found that to maintain bacterial viability
during storage of inoculated subterranean clover seed, the
best coatings were lime, or blood and dolomite, or lime,
blood and dolomite attached to the seed with a 45%
solution of gum arabic. Peat inoculum was wmixed with the
adhesive immediztely tefore pelleting. Hastings and Drake

(1963) have recently shown the advantage of a ground rock
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phosphate (Gafsa) - dolomite pellet over ordinary lime
pellets for long storage of seed. Hely (1963) developed a
"three-step" method of inoculating and pelleting subter-
ranean clover seed for sowing "problem" hill country in
New South Wales. He found that the three-step method was
superior to normal one-step methods (e.g. lime pelleting)
and provided very high numbers of bacteria (106) on each
seed. The pellets recoumended ty 3Brockwell, Hastings and
Drake, and Hely probably perform several functions and nay

protect Rhizokium against desiccation and seed coat

inhibitors, raise soil pH in the viecinity of the seed, and
supply certain nutrients to the bacteria.

(p) Survival in soil.

Survival of rhizobia in the soil may be limited
by soil physical conditions, soil acidity, wicrobial or
root exudates, or competition with other organisus in the
s0il or rhizosphere., Various nodulation problems associa-
ted with survival of root-nodule tacteria in soil have
recently assumed importance in Western Australia and a
historical account of the situvation there has been given
by Parker (1962),

(i) Soil physieal conditions.

Although soil physical conditions no doubt play
an important part in Rhizobium survival and multiplication,
the problem has been little studied. Recently, however,
in Western Australia, a proklem known as "second-year

clover wortality" appeared on certain coarse textured
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sands (Marshall and Roberts, 1963; Marshall, vulcahy and

Chowdhury, 1963; Marshall, 1964). It was found that

Rhizobium trifolii failed to survive in the period between

successful subterranean clover establishment and the
subsequent season. A survey indicated that the problem was
restricted to coarse—textured grey and yellow sandy 30113,
and that it increased in severlty in areas of lower summer
rainfall combined with higher summer temperatures. On red
sandy soils (containing haematite) and on other finer
textured soils the problem was normally absent. It was

suggested that absence of R. trifolii in the top 2" of the

problem soils was probably due to the high temperatures
(up to 65.5°C in the top 1") which may prevail in mid-

summer. Rhizobium lupini survived from season to season,

and in the laboratory was comparatively resistant to the
effects of high temperature and desiccation in the grey

sends. The addition of certain clays (montmorillonite,

illite, "fly ash") to sandy soils, both in latoratory

studies and in the field protected Rhizobium trifolii from

the effects of desiccation, tut kaolinite or finely-ground
silica failed to do so. The reason for the response to
addition of certain clays is not at present known.

Other workers, in laboratory studies, have also
shown that strains of rhizobia vary in their tolerance of
high temperatures. Bowen and Kennedy (1959) investigated
87 strains and found a considerable death-rate above 40°C;

at 40°C the death-rate of R, meliloti was lower than that
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of R. trifolii. Graham et al. (1963) found that only 22 of

79 strains tested survived heating at 50°C for 5 minutes
and none survived at 60°C for this period. Training, or
addition of a variety of organic or mineral compounds did
not increase heat resistance.

Little information has teen published on the
effect of low temperatures on rhizobkia in soil. Wilson
(1930) at Cornell University, noted a drop in numbers in
winter, tut a rise again in spring as teumperatures rose.

(ii) Microbial "antagonism" and other proklems.

Evidence to show that nodulation failure may te
due to the inability of native or introduced rhizobia to
multiply in soil and to colonise legume rhizospheres has
been put forward by several workers in recent years. This
inability to multiply and colonise the rhizosphere can be
due to a variety of causes.

Nutman (1956) demonstrated that inhibitory
compounds could ke secreted by clover roots, and Turner
(1955) showed that these could be absorbed ty added
charcoal with consequent increase in nodulation. Poor
nodulation of subterranean clover on a yellow podzolic soil
in northern MNew South '/ales was described by Hely, Bergersen
and Brockwell (1957) as being due to "microbkiological
antagonisn" which prevented normal colonisation of the
rhizosphere by the bacteria in the applied inoculum.
Greater rhizosphere populations of rhizobia were obtained

by the use of increased rates of inoculum or with normal
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rates on the sites of log fires.

Beggs (1961, 1962, 1964), investigating the
problem of faulty clover nodulation and establishment on
the danthonia and trowntop-covered Wither Hills near
Blenheim, New Zealand, obtained marked responses to soil
sterilisation with formaldehyde or "Vapam" (Sodium
N-methyl dithiocarbamate dihydrate) and to turf killing
with sodium dichloropropionate. Cultivation of the soil
resulted in normal nodulation, which also occurred where
the plant cover consisted of fern, and danthonia was
absent. Parle (1964) showed that the inhibition was
directly associated with living danthonia, and suggested
that nodulation failure on the Wither Hills was due to a
toxic material killing the rhizotia. He was akle to
extract a material, toxic to rhizobia, from the rhizo-
sphere of danthonia and demonstrate its heat stability.
Parle suggested that the toxin was produced either by the
danthonia itself or by an organisu assoclated with the

danthonia. Two strains of Rhizobium trifolii showed

considerable differences in susceptibility to the toxin.
Responses to soil sterilisation have also teen obtained by
Parle (1962) on Galatea sand, a pumice soil in the North
Island of New Zealand where lucerne failed to nodulate
satisfactorily.

Holland (1962), and Holland and Parker (1962)
have investigated the failure of subterranean clover plants

to nodulate on certain virgin sandy soils of "estern



40
Australia, where Cass Smith and Holland (1958) had obtained
a spectacular nodulation response to sterilisation with
formaldehyde or "Vapam". They found that the lack of
nodules was largely due to a failure of the nodule tacteris
to colonise the soil and/or the rhizosphere. Prolonged
high soil temperatures and desiccation were not responsible
for this failure which appeared to te due to “the influence
of other soil micro-organisms. A large number of fungi in

the newly-cleared soil, particularly Penicillium spp.,

inhibited Rhizotium in vitro, while some could also inhitit

nodulation under controlled conditions. Soil extracts from
the field also showed antibiotic activity against Rhizobium.
Deve.upment of lateral roots and of root hairs was
inhibited bty the fungi. Plant symptoms in the field
consisted of a reduction of chlorophyll and a marked
increase in anthocyanin content of the foliage. Identical.
symptoms could te produced under controlled conditions with

Penicillium. Under established clover pasture the antago-

nistic group of organisms was very greatly reduced in
numbers and activity and normal nodulation tock place.

Hely et al. (1957) in their investigations of "microbial
antagonisum” in northern New South Vales also found that the
nodulation problem slowly disappeared with pasture improve-
ment .

3. Rhizobium numbkers in the rhizosphere.

Rhizobium btucteria are well-known for their

ability to proliferate in the rhizosphere of most plants,
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leguminous plants showing a larger rhizosphere effect than
plants of other families (Rovira, 1961). In their investi-
gations of rhizosphere populations of subterranean clover
and lucerne, Purchase and Nutman (1957) found that compar-
able numbers could be found in water culture, sand culture
or agar, and that they exceeded the non-~rhizosphere
population by about 100 times. hen seed was inoculated,
the maximum numbers of rhizobia in the rhizosphere were
reached at atout one week tefore nodulation coumenced.

The total number of nodule bacteria in the
rhizosphere do not necessarily tear a close relation to the
numbter of nodules formed. Root hairs are not uniformly
susceptible to infection which seems to occur on certain
preferred sites or foei (Nutman, 1962). The proportion of
root hairs which become deformed is very varialble,
depending on host species, but rarely reaches 50%, Of the
deformed hairs, only a small percentage way become
infected, while the proportion of infected hairs which
result in nodule formation may also te small (Nutman,
1959b). Thus, nodule formation may bte limited by factors
other than mere density of the tacterial population.

Thornton (1929), working in soil, and Bhaduri
(1951), working in water culture, both found that nodula-
tion of plants was related to the size of theropulation
of the nodule bacteria in the rhizosphere, but not in
simple proportion. Purchase and Nutman (1957) showed that

nodule nymbers increase to a maximum asymptotically with
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increase in bacterial density. Sears, Hyde and Greenwood
(1955), in field trials on pumice country in New Zealand,
found that increasing the inoculum not only increased the
proportion of plants which became nodulated, tut also
increased the mean weight of these plants. Hely (1964),
in field experiments on the Southern Tableland of New South
Wlales, found that survival and dry weight of subterranean
clover plants were both significantly increased when
inoculum level was raised in three steps, from 1.0 x 102
to 1.0 x 105 bacteria per seed. PFurther field work in the
Snowy Mountains by Hely, Costin and Wimbush (1964) showed
that there was a close association between number of early-
formed nodules and plant dry weight.

By using a modification of the Fahraeus glass
slide technique and by adding avirulent bacteria as a
diluent to keep numbers of virulent rhizobia constant in
the rhizosphere, Lim (1963) has been able to throw further
light on the effects of bacterial numbers on root hair
infection and nodulation. Root hair infection in

Trifolium parviflorum, T. patens and T. glomeratum was

limited by inoculum size in two distinct phases. Before
nodulation began, infection was about doubled by doubling
the density of the virulent bacteria in the rhizosphere.
After nodulation, bacterial density had to be increased
much more than twice to double the number of infections.

To double infection in the second phase T. parviflorum

required a five fold increase in bacterial population,
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I. patens 25 fold and T. glomeratum 90 fold. Host suscepti-

bility was considerably lowered by nodule formation. Iligh
bacterial numbers in the rhizosphere also promoted early
infection and nodulation.

4. Root hairs.

Root hairs are the norual avenue of infection by
the nodule bacteria, and the sequence of events in this
process has been discussed earlier. A good deal is also
known about development and growth of root hairs in plants
but, surprisingly enough, little is known of the way in
which root hair developuent affects nodulation. Perhaps
the most important work on this problem was carried out by
Thornton (1936). Studying lucerne seedlings growing in
agar culture, he found that curling occurred mainly in
long root hairs, 150-37?p in length. Secretions from
Rhizobium bacteria stimulated the production and growth in
length of root hairs, as well as their deformation. On the
other hand, the addition of sodium nitrate markedly reduced
the numbers and length of root hairs, and the percentage
which were delormed.

Raggio, Raggio and Terreys (1997) who worked with
tlack wax cean roote, found consistently poor nodulation in
agar, cut the use of vermiculite or sand resulted in a
striking iwmprovement. This was ascrited to the tremendous
inecrease in length 2nd numbers of root halrs which attended
the use of the vermiculite or sand.

Since the proportion of infected root hairs which
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develop as nodules is small, any reduction in number or
length of root hairs will result in fewer opportunities for
production of nodules. External factors such as calcium
and hydrogen ions, which can have such marked effects on
legume nodulation, are known to have considerable influence
on the numbers and length of root hairs., Despite the
important part played by root hairs in nodulation, the
study of their growth and development in connection with
nodulation has bteen somewhat neglected.

5. Temperature.

Little information is available on the effects of
temperature on nodule Tormation. Early work by Jones and
Tisdale (1921) showed that temperature was important in
the nodulation of lucerne, red clover, field peas and
soybeans. Nutman (1949) found that low temperatures
delayed nodulation of red clover. Barrios, Raggio and
Raggio (1963) found that on excised bean roots, optimum
nodulation was obtained at 2500, while at either 12°C or
33°C no nodules formed. Recently, Hely and Williams (1964)
observed that on the Southern Tabtlelands of New South Wales
prompt nodulation of subterranean clover did not occur,
even in the presence of abundant inoculum, when establish-
ment was delayed until winter. In pot trials carried out
in water baths over a range of teuperatures (7, 12, 17, 22,
27 and 3200) they found that low root temperatures (7 and
1200) markedly delayed initial nodulation of subterranean

clover, and restricted nodule numter. At 7°C nodules did



not form on the Mt. Barker variety for 22.5 days, but
formed in 7 days at 27°%C. No other recent work on this
subject has been published and it is a little~explored

field.
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IIT EXPERIMENTAL

A, Water Culture Trials.

Calcium supply and the g of the medium are
known to affect the growth and nodulation of legumes in
various ways. Furthermore previous experience suggested
that lucerne and subterranean clover, the two species
under study, might have differing requirements for the two
factors. As a first step in the investigation it was
decided to obtain basic information on these effects to
assist in interpreting results from field and pot trials
in Mt. Compass sand.

In the trials descrited in this section a
comparative study was made of the effects of calcium and
pH on the growth and nodulation of lucerne and subterranean
clover in solution culture, Nutrient solutions were used
as the growth medium in the experiments, because nutrient
availability and pH are most readily controlled by this
technique (Hewitt, 1952b).

1., Materials and methods.

All the experiments were conducted in an open-
sided glasshouse at the 7aite Institute, Adelaide. A
general view of an experiment may te seen in Plate 1,

Seed of subterranean clover (Trifolium subterraneum L.

var. Mt. Barker) and lucerne (Medicago sativa L. var.

Hunter River) was sieved to obtain seed of similar weight .
Average weights obtained were:

Subterranean clover - 3.3 mg /seed
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Iucerne - 2.5 mg /seed

Seed was surface sterilised by shaking with 95%
ethyl alcohol for 3 minutes, followed by 0.2% mercuric
chloride for 5 minutes and finally washed with four changes
of sterile distilled water. The seed was germinated on
stainless steel gauze over dilute nutrient solution
(containing 1.0 me Ca/l).

After 9 days, six uniform plants were transferred
to each of a number of 2.3 litre polythene pots, painted to
exclude light. At this stage lucerne taproots averaged
4.0 cm, and clover taproots 2.5 cm in length. ZEach plant
was supported in a waxed, hardboard ("Masonite") 1id by two
pieces of split plastic tubing and a small amount of cotton
wool, which was removed as plants increased in size.
Air~lines entered near the base of each pot and the
solutions were aerated for 5 minutes of each hour, the
period being controlled with a time switch. All nutrient
solutions were prepared in plastic-lined drums and siphoned
to the individual pots. The pots were scrubbed and washed
twice with distilled water in preparation for each
experiment.

Calcium levels were adjusted with standard
calcium chloride solution and the required pH was obtained
by addition of 0.0146 N HZSO4 or 0,04N NaCH solutions. The
pH fell with time in the cultures of koth species. Vhen
plants were small, the pH level of each treatment was

adjusted every second day, but as the plants became larger
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and the drop in pH greater, daily adjustments were made.
The pH level of solutions containing subterranean clover
fell quicker than those containing lucerne, and changes

of up to 0.4 units were occasionally recorded in pots
containing large fast-growing plants. In general, however,
the daily variation was much less than this; 0,05-0.10 PH
units / day with lucerne, and 0.10-0.15 units / day with
clover.

The trials were of factorial design, and all
treatments were replicated four times and randomised within
each replicate.

At each harvest, plants were removed from the
culture solution and rinsed for 30 seconds in distilled
water. In Trials I and II tops and roots were separated
by cutting immediately below the cotyledons, and in Trial
I1I, leaves, petioles, stems and roots were separated. The
material was dried overnight in an oven at 7000, weighed,
and then ground in a stainless-steel wicro-hammermill in
preparation for chemical analyses.

A 0.05-0.50 g sample of plant material was
digested with 7 ml of a HNOB-HClO4 mixture (500 ml conc.

HNO3 . 83 m1 60% H0104)e Calcium, sodium and potassium

levels were determined on an E.E,L., flame photometer, using
the method described by Williams and Twine (1960),

Phosphorus was determined using an aliquot of the same

HNOS-—HCIO4 digest. Ten ml of Molybdo-vanadate reagent

(500 ml conc. HNO3 + 500 wl 0.25% NH VO3 + 500 ul 5%

4
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(NH4)6M07024) was added to an aliquot of the digest, made

up to 100 ml with distilled water, shaken, and allowed to

stand for 30 minutes. The colour development was measured
on a "Unicam" SP.600 spectrophotometer, in a 1 cm cell at

a wave length of 399p and the value for phosphorus content
read from a standard phosphorus curve.

2. Effects of calcium and pH on growth of subterranean

clover and lucerne.

(a) Water culture Trial I.

The treatments of this preliminary trial
consisted of three calcium levels (0.10, 1.00 and 10,00
me/1) and three pH levels (4.0, 5.0 and 6.0) in factorial
combination. The composition of the basal solution is
shown in Table 1,
TABLE 1.

Basal Nutrient Solution.

KH,P0, = 0.5 mf xt = 5.5 me/1
Mgt = 2,0 "
KNO, = 5.0 " NH4+ = 2,0 "
gt = 1,0 "
= - — n
NH,NO, = 2.0 " NO3” 7.0
50, = 2.0 "
- : I = 1, n
lgS0,.TH,0 = 1.0 " PO, 5
H3B0, = 0,540 ppm B (NH4)6M07024 = 0,067 ppm Mo
CuSO4.5H20 = 0,064 " Cu MnSO4o4H20 = 0,550 " 1ln
Z0S0, ,TH,0 = 0,137 " 2Zn Fe EDTA = 5,000 " Fe

Seedlings were planted in the pots on 12th April,
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1962. Solutions were changed after 14 days, additions of
3 ml KNO3 and 1 mM NH4N03 being made to the basal solution
at the same time. This raised the K' level to §.50, the
NE," level to 3.0 and the NO3” level tc 1l me/l of solution.

Three plants from each pot were harvested after
18 days and length of taproot and dry weight of tops and
roots were measured. After a further 18 days, a final
harvest was taken and similar measurements made.

The complete results of Harvest I are not
presented here, but are recorded in Appendix 1.

Results,

Responses to pH in toth lucerne and clover
appeared 4 days after planting and soon became marked.
At pH 4.0, plant growth was severely restricted at all
levels of calcium. The root system remained small and
individual roots were short, thickened, and brown in
colour., Differences in plant growth between pH 5.0 and
6.0 were also obvious, but not as great as between pH 4.0
and 5.0, especially at the higher levels of calcium.
After 8 days, growth in btoth species at 0.10 me Ca/l was
visibly less than at higher calcium levels. The differ-
ences occurred at all pH levels, Lut appeared earlier at
pH 4.0 and 5.0,

Symptoms of calcium deficiency appeared on
lucerne at 0,10 uwe/1 after 12 days and were more prominent
and appeared earlier at pH 4.0 and 5.0. DPetioles of older

leaves collapsed not far below the leaflets, which
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gradually died. The new leaves which emerged remained
dwarfed and pinched with necrotic tips, while growing points
remained stunted or died. Petiole collapse occurred on
many plants before any marginal necrosis was present on

the younger leaves. Older leaves showed marked anthocyanin
accumulation. Root development was reduced, and the roots
themselves were short and thickened with necrosis develop-
ing near the root tip, particularly at pH 4.0. Calecium
deficiency symptoms in lucerne are illustrated in Plate 3.

Symptoms of calcium deficiency appeared much
later in subterranean clover than in lucerne and no effect
other than reduced growth was seen for 24 days. Again the
symptoms occurred only at 0.10 me Ca/l and appeared earlier
at pH 4.0 and 5.0 than at pH 6.0. The symptoms were
similar to those described for lucerne except that petiole
collapse and anthocyanin development were less evident.

The effects of calcium and pH treatments after 18 days
from planting may be seen in Plates 2, 3 and 4.

When a final harvest was taken 36 days from
planting, several clover and lucerne plants at pH 4.0 had
died, especially at 0.10 me Ca/l. At this pH, the roots
of some plants were growing back up the plastic supports
out of the nutrient solution. Acid injury in the form of
brown necrotic roots was evident at all calcium levels.

Considerable inter-plant variation in tolerance
of low calcium levels was evident, particularly in lucerne.

Occasional plants showed only slight symptoms of calcium



PLATE 1,

General view of a water culture experiment in the

open—sided glasshouse.

PLATE 2,

Water cu;ture Trial I, ZEffect of level of calcium on

growth of lucerne (upper) and subterranean clover (lower)
at pH 4.0, 18 days from planting. Left to right - 0.10,
1.00 and 10.00 me Ca/l.
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PLATE 4,

Water culture Trial I. Effect of pH on prs@ﬁh of lucerns
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deficiency while others in the same pot were severely
affected.

The trial was reduced in value by the app=arance
after 12 days of symptoms resembling those of phosghorus
"toxicity" on subterranean clover (Plates 4 and 5). TIhe
symptoms, similar to those described by Rossiter (1932)
first occurred on the unifoliate leaf as necrosis on the
distal margins. This gradually spread over the enkire
leaf surface eventually causing death of the whole leaf.
The first and second trifoliate leaves were affected iﬁ
turn, until only the young leaves were without symptous.
Only high calcium treatuments at pH 5.0 and 6.0 were
affected at first, but the disorder later extended tc the
intermediate calcium levels. High temperatures (25-30°C)
in late April seemed to'intensify the symptoms. In
subterranean clover, a significant depression in yield was
evident at Both harvests where phosphorus toxicity symptome
occurred (Table 2.). This depreSSion completely masked any
response to calcium at pﬁ 5.0 and 6.0.

' Lucerne seemed more tolerant of high phosphorus
levels in solution and showed no foliar symptoms, tut at
both harvests at pH 6.0 yield was depressed at high calcium
Taproot growth in both species was less affected by
phosphorus toxicity than dry matter yield, and growth
respoﬂses in root length to inéreased caleium were
measured at all pH levels (Table 2 and Fig. i). No

phosphorus toxicity symptoms or effects on yield were

~



PLATE 5,

Water culture Trial I, Phosphorus toxicity syep

subterranean clover, 18 days from planting.

Left - normail. Right =







LABLE £,

Water Culture Trial I - Harvest IT.

Subterranean Clover , Lucerne
Treatment Length of Dry Weight Relative*[Length of = Dry Weight Relative*
PH Ca Taproot (mg) " Total {Taproot (mg) -~ Total
(me/1) | (cm/plt.) Tops Roots Yield |{(cm/plt.) Tops Roots Yield
4,0 0,10 3.0 51.0 12,3 8.5 2.4 38.8 6.5 2.9
" 1.00 4.2 151.3 51.7 27.3 3.3 134.9 41.7 11.5
¥ 10,00 4.3 192.4 73.9 35.9 12,2 299.5 116.7 27 .0
5.0 0,10 19.0 42G.4 121.1 T4.2 22.8 442,.2 113.3 36.0
" 1.00 21,3 470.3 157.2 84.5 25.2 731.5 265.0 64.6
" 10,00 30.8 310.7 97.7 55.0 34.5 899.9 308.8 78.4
6.0 0,10 27 .8 561.6 180.7 100.,0 28.5 990.2 297.5 83.5
" 1.00 29.8 473.4 158.9 85.2 37.0 1167.9 374.3 100.0
10,00 26.6 312.2 96.3 55.0 40,5 973.8 310.0 83.2

¥ Highest yield equals 100,

All Tigures are the mean of 4 replicates
Plant weights are the total from 3 plants.

Lower figures are a percentage of this.




PTABLE 2 (cont.)

Log Data.
Treatment Subtterranean Clover Lucerne

P Ca Length of Dry Weight Length of Dry Weight
(me/1) Taproot Tops Roots Taproot Tops Roots
4.0 0.10 0.48 1.71 1.09 0.37 1.58 0.78
" 1.00 0.61 2.17 1.70 0.50 2,12 1.61
® 15,00 0.63 2.28 1.87 1.07 2.48 2.07
5.0 0.0 1,28 2,62 2,07 1.35 2.62 1.97
" 1.00 132 2.€7 2.19 1.40 2.85 2,40
v 10.00 i.49 2.45 1.98 1.54 2.95 2.49
o0 Q.19 1.44 2.74 2.25 1.45 2.99 2,47
1 .00 1.47 2.67 2.2C 1.57 3,06 2,57
® 30,00 1,55 2.49 1.98 1.61 2,98 2.46
Ca, pA L.S. C.05 .06 0.07 0.08 0.08 0.12
Yo OF .08 0.10 0,10 0,11 0.16
Ca x f8H L.S. 2.0G 3,10 C.13 0.1 0.15 0.21
56l C.14 G.17 0.18 0,20 0.28

LS



FIGURE 1.

Water_culture Trigl I. Effect of level of calcium on

length of taproot, at three pH levels (Harvest I).



(cm))

TAPROOQT

LENGTH OF

(cm.)

TAPROOT

LENGTH OF

20

10

20

10

SUBTERRANEAN CLOVER

0 + pH 6.0
/ pH 5-0
—e pH4-0
~— — P
1 1 1
010 1-00 10-00
Ca (m.e./L)
LUCERNE
pH 60
! ? pHS0
/ PRED
—
010 100 10-00

Ca (m.e./L.)



59

evident in either species at pH 4.0, and a significant
increase in yield to additions of calcium was obtained.
In lucerne a yield response to calcium addition was also
obtained at pH 5.0,

In an endeavour to alleviate the symptoms
attq;buted to excessive phosphorus in the solution, the
nitrogen level was raised from 9 to 14 me/l1 when the
solution was changed, but little reduction of syuptoms
occurred. At final harvest subterranean clover grown at
PH 6.0 contained the abnormally high level of 1.12% P in
the tops and 1.43% P in the roots. Rossiter (1952) also
recorded figures in excess of 1.4% P in leaves of affected
subterranean clover.

In spite of the adverse effect of phosphorus
toxicity on yield in the water culture trial, a consider-
able increase in yield and taproot growth to increased pH
was measured in both species at each harvest. At pH 4.0
taproot growth and plant yield at all calcium levels was
poor, even though a response to increasing caleium was
recorded. A highly significant increase occurred when the
PH was raised to 5.0 (Table 2) and a lesser, but signifi-
cant increase when the pH was raised further to 6.0.

(b) Water culture Trial II.

In order to define the effects of caleium and pH
on growth of clover and lucerne more closely, a second
water culture trial was prepared, with three calcium

levels (0.05, 0.50 and 5.00 me/1) and three pH treatments
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(4.5, 5.0 and 6.0). As poor growth at all calecium levels

had been obtained at pH 4.0 in Trial I, the lowest PH
treatment was increased to 4.5,

The macronutrient content of the basal solution
was changed slightly, although a similar micronutrient

content was used. Concentrations used were:

Kt = 8.5 me/1 N0~ = 12.0 me/1
Mgt = 4,0 50,77 = 2.0 "
NH4* = 2,0 " PO,~ = 1.5 "
gt =1,0 "

Solutions were changed every 10 days. At the
first change the phosphorus level was reduced to 0.5
me PO4/1 and later to 0.25 me PO4/1 in order to alleviate
phosphorus toxicity.

Planting was completed on June 9th, 1962.
Throughout the trial, seedling growth was slower than in
Trial I due to lower temperatures prevailing in the open-
sided glasshouse. Average mean air temperatures measured
at the Waite Institute Meteorological Station for the period
over which Trial I ran was 60.5°F but was only 54.5°F for
Irial II.

Two harvests were again taken, at 35 and 60 days
from planting. As well as the measurements made in Trial
I calcium, potassium, and sodium were determined in the
tops and roots and phosphorus in the tops only. No
potassium, sodium or phosphorus analyses were conducted

on Harvest I. The potassium and sodium analyses were
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included as a check on effeects of calcium and pH on cation
uptake. In order to obtain sufficient plant material, the
four replicates were bulked for chemical analyses.,

Data from Harvest I are Presented in the
Appendix 2.

Results.

Growth differences due to both calcium and pH
treatment appeared after 5 days. After 9 days, calcium
deficiency symptoms at 0.05 me Ca/l began to appear in
the unifoliate leaf of lucerne at all PH levels. Symptoms
in subterranean clover showed at 0.05 me Ca/l three days
later but only at pH 4.5. 1In lucerne, 16 days from
planting, 0.05 me Ca/l1 treatments showed severe deficiency
symptoms at all pH levels, while in subterranecan clover,
symptoms were severe at pH 4.5, moderate at pH 5, tut only
slight at pH 6. The effect of calcium and PH treatment on
growth at Harvest I is illustrated in Plates 6, 7 and 8.
Typical severe calcium deficiency symptoms in lucerne are
illustrated in Plate 9.

- Deficiency symptoms at 0.50 me Ca/l first showed
in lucerne after 47 days, at pH 4.5 and 5.0, Symptoms
appeared as collapsed petioles, and reddish older leaves,
occasionally purplish-blue underneath. No sign of calcium
deficiency other than depressed growth showed in clover at
0.50 me Ca/l1 until the final harvest; then plants growing
at pH 4.5 and 5.0 exhibited shorter, somewhat thickened

roots and a few reddish outer leaves.



Water culture Trial II. Effect of level of calcium on

growth of subterranean clover (left) and lucerne (right)
at three pH levels, 35 days from planting. Left to
right - 0.05, 0.50, and 5.00 me Ca/l.

PLATE 6 (upper) PH 4.5
PLATE 7 (centre) pH 5.0
PﬁATE 8 (lower) pH 6.0

Calcium deficiency symptoms are evident at 0.05 me Ca/l

in both species at all pH levels.






PLATE 9.

ZWatervculture Trial II. Calcium deficiency symptoms
in lucerne at pH 6.0 and 0.05 me Ca/l, 60 days from
planting.,
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The effects of calcium and pH treatment on taproot
length and dry matter production at Harvest II are presented
in Table 3 and Fig. 2. Both taproot length and yield were
increased by either an increase in pH or calcium level in
the solution. At 0.05 me Ca/l1 growth was poor at all pH
levels and many plants of both species had died at final
harvest. A significant Ca x pH interaction occurred, and
above 0.05 me Ca/l, near maximum yields were obtained in
both species by either an increase in pH or calcium level,
except at pH 4.5 where a marked species difference occurred.
Whereas subterranean clover at 5.00 me Ca/1 produced yields
81.9% of the maximum obtained at pH 6.0, lucerne yields
were only 40.2% of the maxiwmum.

Roots were more sensitive to low pH (4.5) or
low calcium (0.05 me/1) than tops, especially in lucerne.
At these low levels taproot growth was reduced, and many
roots were thick, brown and brittle, with necrosis and
death of meristems at 0.05 me Ca/l.

The results of the plant analyses, presented in
Fig. 3 and Table 4, show that caleium uptake was increased
by an increase in calcium level in the nutrient solution.
Calcium uptake was also increased by an increase in PH.
The calcium content of the roots was much less affected by
calcium treatment than that of the tops. No significant
differences were measured in calcium uptake by the two
species,

The level of potassium in the plant tops was not



TABLE 3.
Water Culture Trial II.

Harvest I1II.

Treatment Subberranean Clover ' Lucerne _

H  Ca Length of Dry Weight | Length of Dry Weight
(me/1) Taproot (mg) Taproot (mg) .
(cm/plant) Tops Roots | (em/plant) Tops Roots
4.5 0,05 3.9 34.8 6.7 8.3 42.4 12.8
" 0,50 10.5 385.0 153.3 15.8 433.4 237.6
" 5,00 20.3 1008.6 444 .9 25,1 472.5 350.9
5.0 0,05 7.2 66,5 13.9 12.3 59.4 14 .1
" 0.50 17,0 972.5 395.4 26,1 580.1 383.7
" 5,00 22,0 1029.6 418.0 54 .9 1133.4 684 .0
6.0 0,05 10,0 107.2 20,2 15.9 101.4 27 .4
n 0.5 32,6 1296,8 476.8 46.3 1386,.3 661,.7
& 5,00 36,0 1192.0 454 .5 62,3 1286,6 689.6

Plant weights are the total from 3 plants.

All are the mean of 4 replicates.




TABLEV3 (cont.)

Log Data.
Preatment Subterranean Clover Lucerne 7

pH Ca Length of Dry Weight Length of Dry Weight
(me/1) Taproot Tops Roots Taproot Tops Roots
4.5 0,05 0.59 1.54 0.77 0.91 1.63 1.10
" 0,50 1.03 2.58 2.18 1,19 2,64 2.38
u %.00 1.31 3.00 2,65 1.40 2.67 2754
5.0 0,05 0.85 1,81 1,12 1.08 1,77 1,13
" 0,50 1.23 2,99 2.60 1?41 2,76 2358
i 5.00 1.34 3,01 2,62 1.74 3,05 2.83
6.0 0,05 1.00 2,03 1.3C 1.20 1,96 1.38
n 0.50 1,51 3.11 Z,.68 1.66 3,14 2,82
o 5,00 1.56 3,07 2,66 1,78 3.11 2.83
Ca, ptH L.S.D.5%| 0,05 0,05 0.07 0,08 0,09 0,09
1%| 0.06 0,06 0.09 0,10 0,12 0,13

Ca x pH L.3.D.5% 0,08 0,08 0.12 0,13 0,15 0,16
1% 0,11 0,11 0,16 0,18 0,21 0.2

(R)}
(3



FIGIRE 2.

Water”culture Trial I1. Effect of level of calcium on

relative* dry matter yield, at three pH levels (Harvest II).

* Highest yield equals 100, Lower figures are a percentage

of this.
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PIGURE 3.

Water culture $rial II., Effect of calcium and pH

treatments on level of calcium in tops (Harvest I).
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TABLE 4.

Water CulturelTrial 11 - Harvest II,

Plant Ana%yéés;

Treatment Subterranean Clover Lucerne
Percentage of Percentage of
pH Ca Ca K . Na P Ca K Na P
(me/1) Tops Roots Tops Roots Tops Roots Tops Tops Roots Tops Roots Tops Roots Tops
4.5 0.05 0.30 = 4.68 2,07 0.29 0,27 0,78 0,12 = 4,42 2,30 0,18 0.06 0,47
" 0,50 o 0.21 4.09 3.98 .11 11 45| .13 0.21 4.34 2.67 .12 .09 .45
" 5.00 43 28 4,26 5,39 .09 .10 .82 .49 .30 4.74 3.78 i1 07 .62
5.0 0,05 W13 = 5.40 3.09 .31 11,811 .19 - 5,93 3,70 ,31 «22 .57
" 0.5 .14 020 4.30 5.15 .14 11 .81 .16 19 4.74 4.28 .12 .06 .54
"5,00 051 032 4.34 5,80 .10 10 1,00 ] .53 27 4,96 4,24 .08 07T .63
6.0 0.05 .15 = 5.20 3,07 .26 022 .84 | .20 - 5.44 5,40 .33 10 .74
" 0.50 024 023 4,02 5.78 .14 c16 .99 .20 .19 4.80 4.56 .10 07 .66
5,00 A 23% 2.87 6,00 .11 13 .83 .70 .29 4,68 5,05 ,10 09 .70

o
L.5.D. 5¢ | .1z .04 .23 .68 .07 .11 .16
1% .19 09 L38 1,14 .12 .21 .26

.06 .09

a0l
3.D, 5% .09 .56 .
% .93 .10 .i5 .21

5 R

L.S.D., 5% 20 .07 40 1,19 .13 19 .27
1% 033 015 06'-17 1097 021 032 045
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greatly affected by either calcium or PH level but the
level in the roots tended to rise with increase in calcium,
On the other hand, sodium level in both tops and roots was
considerably reduced by an increase in calcium level.

Phosphorus toxiecity symptous again occurred in
subterranean clover, after 35 days. The symptoms were
evident only at pH 5.0 and 6.0 and at 5.00 me Ca/1, and
were much less severe than in Trial I. By reducing the
PO4"--’level in the solution to 0.5 me/l and later to 0.25
me/1 all plants recovered, although the check in growth
slightly depressed the yield of herbage below that obtained
at 0.50 me Ca/l at pH 6.0.

Subterranean clover tops still contained high
levels of phosphorus, although lower than those measured
in Trial I. ZLucerne, which failed to exhibit phosphorus
toxicity symptoms, was found to contain much less phosphorus
than the clover. The phosphorus level in both species was
reduced by lowering the pH, but tended to rise at the
higher calcium levels.

(¢) Water culture Trial III.

In order to make a closer study of effects of
various levels of calcium on plant growth, a further trial
was conducted with five calcium levels (0.10, 0.25, 0.50,
1.00 and 5.00 me/1l) but only two pH treatments (5.0 and
6.0). The basal nutrient solution was similar to that
used in Trial II except that 0.3 me PO4/1 was used from
the outset.
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Seedlings were planted in the glasshouse on
September 2nd, 1962, Mild spring conditions resulted in
rapid plant growth. The nutrient solution was changed
after 13 days and 19 days from planting. Length of taproot
was measured in both species at three day intervals during
the period of the trial. The first harvest was made 18
days after planting and dry weights of tops and roots
were recorded. A second harvest was made 26 days after
planting and on this occasion Plants were divided into
leaves, stems, petioles and roots and their dry weights
recorded. The plant material from both harvests was
analeed for calcium. Harvest I results are not presented
as they do not provide information additional to that
obtained at Harvest II,

Results.

Calcium deficiency symptoms appeared in lucerne
at 0.10 me Ca/l at both pH levels after 8 days, with odd
plants at 0.25 me Ca/l showing symptoms 14 days after
planting, In subterranean clover, deficiency symptoms
appeared 16 days after planting but only at 0.10 me Ca/1
at pH 5.0 and on a few plants at PH 6.0 at the same calcium
level.

The effects of calcium and PH treatment on growth
and dry matter production may be seen in Plates 10, 11, 12
and 13, in Fig. 4 and in Table 5. As in previous trials,
the response to pH was very large and interactionm with

calcium occurred, both Species being more susceptible to



Water‘culture Trial III,

Effect of level of calcium

on growth of subterranean clover at two pH levels,

26 days from planting, Left to right - 0.10, 0.25,
0.50, 1.00 and 5.00 me Ca/1.

PLATE 10 (upper) pH 5.0
PLATE 11 (lower) pPH 6.0

Note calcium deficiency syumptoms at 0.10 me Ca/l at
pH 5.0 and 6,0.






Watex,culture Trial ITII. Effect of level of calcium

on growth of lucerne at two pH levels, 26 days from
planting. Left to right - 0.10, 0.25, 0.50, 1.00 and
5.00 me Ca/l.

PLATE 12 (upper) pH 5.0
PLATE 13 (lower) PH 6.0

Note calcium deficiency symptoms at 0.10 and 0.25 me Ca/l
at pH 5.0, and at 0.10 me Ca/1 at pH 6.0.






FIGURE 4.

Water Culture‘Trial III. Effect of level of calcium

on relative*dry wmatter yield at two pH levels
(Harvest 1I).

* Highest yield equals 100, Lower figures are a

percentage of this.
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TABLE 5.
Water Culture Trial III - Harvest II.

Plant Yield (mg. dry matter, total from 3 plants).

Treatment Subterranean Clover Lucerne

pH Ca(me/1) | Leaves Petioles Stems Roots |Leaves Petioles Stems  Roots

5.0 0,10 46,0 8.5 27.6 27.8 37.0 6.4 33.1 23.9
" 0.25 78.3 16.6 30.5 55.7 98.8 19.3 43.4 63.0
" 0.50 79.8 18.1 30.8 61.1 102.0 17.1 37.7 75.6
" 1.00 101.8 22.2 35.1 82.6 |103.2 18,0 37.8 89.0

" 5.00 111.3 25.3 38.7 88.5 [145.6 27.9 53.3 123.3

6.0 0.10 86.8 19.9 48.0 62.2 48.8 12.3 46,2 28.7
" 0.25 137.7 30,9 46.8 94.3 [160.3 29.0 67.4 101.8
" 0,50 131.5 31.2 44.7 88.2 ]198.3 33.2 73.3 120,.7
B 1.00 135.1 31.0 46.5 94.0 {189.3 34.5 64 .8 126.0
" 5.00 130.2 29.7 44.8 92.7 {196.5 35.2 68.6 125.1




TABLE 5 (cont.)

Log data.

Treatment Subterranean Clover. Tucerne
pH Ca(me/l) | Leaves Petioles Stems Roots | Leaves Petioles Stems Roots
5.0 0.10 1.66 0.92 1.42 1.42 1.53 0,78 1.51 1.37
n 0.25 1.89 1.21 1.48 1.74 1.97 1.28 1.63 1.78
" 0.50 1.89 1.25 1.48 1.78 2.00 1.22 1.56 1.87
" 1.00 2,00 1.34 1.54 1.92 2,01 1.25 1.58 1.95
w 5,00 2.04 1.40 1.58 1.95 2.16 1.46 1.73 2,09
6.0 0,10 1,93 1.28 1.67 1.79 | 1.67 1.08 1.66 1.46
w Co25 2. 14 1.49 1.67 1.97 2,19 1.45 1,82 2,00
¥ Q.50 2,11 1.48 1.64 1.94 2,29 1.52 1,86 2,08
i 1,00 2,13 1.48 .67 1.97 2.27 1.53 1,80 2,10
" 5.00 2,11 1.47 1.65 1.96 2.29 1.53 1.83 2,09
Ca L.S.D. 54 0.08 0,09 0,08 0.09 | 0.11 0.10 0,08 0,07
1 0,10 c,12 0.10 0.12 0,15 0,13 0,10 G,10
pH L.S.D. 5 0,05 C.06 0.05 0,06 0.07 0,06 0.05 0.05
1 .07 0.08 C.06 0,07 C.10 0.08 0.07 C.06
CaxpHL.S.D.5 0.11 0,13 0.11% 0,12 0.16 0,14 0,11 0,10
1 .15 C.17 C.14 C.17 0.21 0,19 C.15 0,14

7
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caleium deficiency at the lower pH. With lucerne, near
maximum yields were obtained where the calcium level was
above 0.25 me/l, but at pH 5.0 yields approached the
maximum only at 5.00 me Ca/l. On the other hand, near
maximum yields of subterranean clover were obtained above
a level of 0.10 me Ca/1 at pH 6.0 and above 0,50 me Ca/l
at pH 5.0,

Interesting data were obtained from the taproot
growth measurements taken every third day (Fig. 5).
Taproot growth was generally linear with time, the slight
variations probably being due to changes in temperature
from day to day. Large variations in rate of growth
occurred between treatments. In lucerne, at pH 5.0 high
rates of growth were obtained only at 5.0 me Ca/l, but. at
PH 6.0 these were obtained with calcium levels as low as
0.25 me/l. These differences were not so evident in
clover, possibly due to the far greater lateral root
dévelopment in this species with much less emphasis on
taproot growth.

The calcium analyses provided similar results to
those obtained in Trial II (Tatle 6), Calcium level
increased with increasing calcium in the nutrient solution,
but was depressed by a decrease in pH. Petioles and -
leaves contained the highest levels of calcium, followed
by stems, with a much lower level in roots. In contrast
to other parts of the plant, percentage calcium in the

roots did not increase greatly with increasing calcium in



FIGURE 5.

Water'cultgre Trial ITI, Effect of calecium treatment

(me Ca/l) on rate of taproot growth, at two pH levels.
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TABLE 6.

Water Culture Trial III - Harvest II.

Percentage Calcium in Dry Matter.

Treatment - Subterranean Clover Lucerne 7
pH Ca(me/l) | Leaves Petioles Stems Roots | Leaves Petioles Stems Roots
5.0 0.10 0.11 0.19 0.26 0.23 0.10 0,10 0.12 0.21
" 0.25 .16 032 .33 .28 .12 022 -15 021
N 0.50 .18 032 .30 229 .18 .32 .26 023
" 1.00 A7 .32 033 .25 022 .31 033 .28
" 5.00 .50 .65 .58 o 37 .70 .61 .70 029
6.0 0.10 .12 .19 » 20 .12 .16 .28 <30 « 25
" 0.25 .10 .20 .21 022 .21 024 223 021
" 0.50 034 » 30 17 .15 .24 022 .25 .23
" 1.00 37 43 .30 025 «31 .24 023 .18
“ 5.00 T4 .94 .61 .34 .83 .80 .62 .31
Ca L.S.D. 5% 012 .16 .16 .10
1% .19 .27 .26 .16
PH, spp.L.S.D.5% .07 .10 .10 .06
1% .12 .17 .16 .10

6L
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the solution.

No phosphorus toxicity symptoms were evident in
subterranean clover during the trial. Plant analyses showed
that at final harvest phosphorus levels of 0.70 = 1,00%
occurred in clover, and levels of 0.50 - 0,90% in lucerne.
It was concluded that 0.3 me PO4/1 was probably the
maximum level which should bte used in these conditions if
toxic effects are to be avoided.

(d) Root hair measurements.

When a previous water culture trial was harvested,
differences in root hair development were observed
between treatments. An unreplicated trial with two
calcium levels (0.10 and 5.00 me/1) and two pH treatments
(5.0 and 6.0) was therefore conducted to examine root hair
development in lucerne and subterranean clover seedlings.

Seedlings were grown in a high nitrogen solution
(as used in Trial III) for 7 days, when three plants from
each pot were examined for root hairs under a dissecting
microscope. The remaining three plants were then trans-
ferred to a ~N solution and grown for a further 7 days
before examination.

The ~N basal nutrient solution used was made up

a8 follows:-

KC1 =2.0ml K" =2,1me/l C1° = 2.0 me/1
Mgs0, ,TH,0 = 1,0 " Mgt = 2,0 o 50,77 =2.0 "
KH, PO, =0,1" H®HY =o0,2 PO,""" = 0.3 "

The mioro-nutrient solution was the same as that wsed in
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previous water culture trials,

In the =N solution, root hairs were numerous on
lucerne growing at pH 6.0, and were greater in number at
high than at low calcium. At pH 5.0, a small number were
present on some plants at high calcium, but there were
none at low calcium. A similar distribution occurred on
subterranean clover, except that at pH 5.0, root hairs
were numerous at high calcium, but absent at low calcium.
In the +N solution, few root hairs were evident on lucernme
with any treatment and those on subterranean clover were
reduced as compared with the -N solution.

In view of these responses to calcium and PH,

a more comprehensive trial was designed in order to
measure the differences in root hair growth already
observed.

A factorial design with three levels of calcium
(0.10, 0.50 and 5,00 me/1l) and two pH treatments (5.0 and
6.0) was used, A larger number of treatments could not be
included as the pilot trial had indicated that only about
300 plants could te examined for root hairs in a day. A
-N basal nutrient solution was used, similar to that used
in the pilot trial. Three plants of subterranean clover
and three of lucerne were planted in each pot, after
having been germinated and grown for 5 days over a dilute
-Ca nutrient solution. At this stage, the taproots of
both species were about 1.5 cm in length.,

All plants were harvested 4 days after planting.
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Although considerable taproot growth had occurred by this
time, there was little development of lateral roots.
Using a method developed by Bowen and Rovira (1961), the
relative number and length of root hairs, and their
position of development on the taproot were recorded.
Scores of 1, 2 and 3 were given for root hair length,
equivalent to O—1OOP, 100—200P and 200P+ respectively.

Results,
At pH 6.0, the length of taproot where hairs

‘were present and the number and length of the hairs
themselves generally increased in both species with
increasing calcium, but were markedly reduced by a
decrease in pH. (Figs. 6, 7 and 8, and Plate 14). The
root hairs of lucerne were much more sensitive to calcium
and pH variation than those of subterranean clover, and
did not extend along the taproot for as great a distance.
At pH 5.0 root hairs were almost completely absent from
lucerne roots whatever the calcium level used while root
hairs were present on clover at all calcium levels at this
PH but were only long and dense at 5.00 me Ca/l. Statis-
tical data related to this trial are presented in Appendix
3.

3. Effect of calcium and pH on nodulation.

Results of previous water culture trials showed
the considerable effect of calcium and pH on subterranean
clover and lucerne growth, particularly on root and root

hair development. In this experiment the effects of



FIGURE 6.

Effect of level of calcium on length of taproot where
root hairs were present, at two pH levels, in water

culture.
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FIGURE 7.

Effect of level of qglcium on root hair length, at

two pH levels, in water culture.

FIGURE 8.

Effect of level of calcium on root hair density, at

two pH levels, in water culture.
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PLATE 14.
Effect of level of calcium on length and density of
root hairs of lucerne in water culture at pH 6.0.

Upper - 5,00 me Ca/l.
Lower - 0,10 me Ca/1.

Magnification -  X55.
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calcium and pH on nodulation of the two species was studied.

The design of this experiment was similar to
that used in Trial III and consisted of five calcium
levels (0.10, 0.25, 0,50, 1.00 and 5.00 me/l) and three
P treatments (4.5, 5.0 and 6.0). A similar basal
nutrient solution was also used.

Seedlings were planted out on October 9th, 1962
and allowed to grow in the +N solution for 7 days. The
basal solution was then changed, and a -N solution,
similar to that used in the root hair studies, was
introduced.

Bacterial suspensions were prepared on the

following day. Agar cultures of Rhizobium trifolii

(W 107 ex SU 329 (1956)) and R. meliloti (W 114), both

effeetive strains used for distribution to farmers by the
Waite Institute, were each suspended in 1 litre of sterile
nutrient solution. 1 ml of this suspension was added to
each pot. PFPlate counts revealed 20 x 107 bacteria/ml in

R. meliloti and 5 x 107 bacteria/ml in R. trifolii

suspensions. Although multiplication of rhizobia is known
to cease below about pH 5.0, the cells still remain viatle
in more acid conditions (Loneragan and Dowling, 1958) and
the high number of bacteria supplied initially in this
trial was expected to te sufficient for nodulation at
PH 4.5.

Results.

Nodules appeared on subterranean clover roots
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after 4 days. Growth was very slow by this time, and at

PH 4.5 nitrogen deficiency symptoms in the form of yellow
cotyledons were beginning to develop. Nodules did not
appear on the lucerne for a further 4 days. At this stage
nitrogen deficiency symptoms were showing on all plants.

Subterranean clover and lucerne plants were
harvested 12 days and 15 days respectively from
inoculation. At harvest, the number of nodulated plants
and nodules per plant were recorded, and observations made
on root hair development. The effects of calcium and pH
treatment on nodulation are presented in Figs. 9 and 10.
Statistical data are presented in Appendix 4.

At pH 4.5 no plants nodulated, whatever the
treatment. At pH 5.0, a marked species difference
ogccurred. No lucerne plants formed nodules at any calcium
level., In subterranean clover nodulation was poor at 0.10,
0.25 and 0.50 me Ca/l, but a progressive increase in
nunkers of nodulated plants and numbers of nodules per
plant occurred as calcium level was increased further.
When the pH was raised to 6.0, calcium treatment had little
effect on the percentage of nodulated clover plants, but
with lucerne, the percentage of nodulated plants was
increased from 29.5% at 0.10 me Ca/1 to 100% at 0.50
me Ca/l. At pH 6.0 the effects of calcium on nodule
number in clover were wmuch larger than on percentage
nodulation, and a progressive increase occurred, from

53/plant at 0.10 me Ca/l, to 144/plant at 5.00 me Ca/l.



FIGURE 9.
Effect of level of calcium on nodule number per plant at

two pH levels, in water culture.

FIGURE 10.

Effect of level of calcium on percentage of nodulated plants,

at two pH levels, in water culture.
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FIGURE 11.

The interaction of calcium and pH on nodulation of
subterranean clover, in water culture. (After Loneragan

and Dowling, 1958).
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Very few nodules were present on lucerne at 0.10 me Ca/1
but a sharp rise to 51/plant occurred at 0.50 me CGa/1
with a further rise to 82.5/plant at 5.00 me Ca/l. These
increases occurred on plants which of ten did not differ
greatly in root development tetween treatments.

Visual comparisons of root hair development were
made under a binocular dissecting microscope by examining
the taproots of four plants (one plant per replicate) from
each treatment. The results confirmed the previous
observations showing that a lowering of calcium and/or pH
levels of the nutrient solution caused a reduction in the
length of root covered in hairs and a reduétion in length
and density of the hairs themselves. The trend was much
greater in lucerne, where no root hairs were visible on
plants grown at any calcium level at pH 4.5 or 5.0. In
subterranean clover, numerous root hairs were visible at
PH 5.0 at 5.00 me Ca/l, although none were present at 0.10
me Ca/l at the same pH, or at any calcium level at pH 4.5.

One lucerne plant growing at pH 6.0, in a solu-
tion containing 5.00 me Ca/1, produced no nodules, while
its companions were profusely nodulated. When the roots
were examined, it was found that root hairs were short
and fairly sparse on this plant, but numerous on other
plants,

4., Discussion of Results.

In the three water culture trials where a study

was mude of the effects of calcium and pH on growth of
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subterranean clover and lucerne, a reduction in the calcium
or pH level of the nutrient solution reduced plant growth,
and in extreme cases calcium deficiency symptoms developed
or acid injury occurred. In water culture trials II and
ITII a large Ca x pH interaction occurred, and the
unfavorable effects of low PH on growth could be largely
offset by an increase in the calcium level of the solution.
In these two trials, at or atove a calcium level of 0,25
me/l and a PH of 4.5, near waximum yields of clover could
te obtained by an increase in either calcium or pH in the
nutrient solution. ILucerne did not behave similarly until
the calcium level was doubled and the PH raised to 5.0,

At pH 5.0, calcium deficiency symptoms appeared at both
0.10 and 0.25 me Ca/1 in lucerne, btut occurred only at
0.10 me Ca/1 in clover. 1In trial I, plant growth at all
calcium levels at pH 4.0 was very much less than at pH
2,0 and 6.0 and acid injury was evident on roots of toth
species at all calcium levels.

These results agree with and add to the results
obtained by Arnon et al (1942) and irnon and Johnson (1942)
on the effects of calcium and pH on plant growth. Working
with tomatoes and lettuce in nutrient solution, they
obtained reduced growth at pH levels below 6.0, btut at
pH 5.0 the effect of acid conditions could be offset by an
increase in the calcium level of the solution. At pH 4.0
however, although a response to increased calcium

occurred, growth was much less than at higher pH levels.
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At pH 3.0 no growth took place and severe acid injury
occurred to the roots.

In contrast to the above findings, Loneragan
and Dowling (1958) in their water culture studies of the
interaction of calcium and pH on growth of subterranean
clover found no significant effect of either treatment on
dry matter production over the wide range of pH 4.5-6,0
and 0.2-20,0 me Ca/l. As plants were under treatment for
only 12 days, it is possitle that a favorable root/solution
ratio existed for the small plants, allowing sufficient
calecium to be taken up for near optimum growth in all
treatments. The situation is likely to have changed if
the plants had been grown for a longer period. In this
study, where clover and lucerne were grown for up to 60
days, large dry weight differences were meagured within
the range of treatments investigated by Loneragan and
Dowling.

Calcium is essential for normal growth of plant
roots (Sorokin and Sommer, 1940; Jeirsum, 1958), and
according to Burstrom (1952, 1954), who worked with wheat
roots, ten times more calcium is needed for cell elongation
than for cell division. In this study, taproot growth was
considerably increased where either calcium level of pH
was raised. Measurements of length of taproot at 3 day
intervals during the duration of trial III proved a useful
method of assessing treatment effects on rate of growth.

The calcium deficiency symptoms observed in
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lucerne and subterranean clover were similar to those
described for subterranean clover by Millikan (1953),
Calcium deficiency symptoms normally occur in the youngest
parts of plants; collapse of petioles of the older leaves
due to calcium deficiency, observed regularly in these
trials, i1s quite contrary to this. However, [Millikan

and Hanger (1964) provided an explanation for its occurr-—
ence from their studies of the distribution of Ca45 in
subterranean clover. They found that accumulation of Ca45
was quite different in calcium-deficient plants than in
those with a normal calcium supply. In calcium—-deficient
plants much of the newly absorbed Ca45 was acquired by
young leaves at the expense of the oldest. This resulted
in petiole collapse of o0ld leaves, due to lack of calcium
buildup in the distal halves of the petioles. Transloca-
tion of mobile Ca45 from roots to new leaves was also
demonstrated.

When plants from trials II and III were analysed
it was found that uptake of calcium was increased by either
an inerease in calcium level in the nutrient solution or an
increase in pH. For example, in trial II at 5.00 me Ca/1,
clover tops contained 0.43% Ca at pl 4.5, 0.51% Ca at pH
5.0 and 0.79% Ca =t pH 6.0. The effect of a high hydrogen
ion concentration in reducing calcium uptake has already
been noted ty Arnon et al (1942) who found that at pH 4.0
and 5.0 calcium absorpition by lettuce and tomato was lower

than at higher values. Schuehl, Peech and Bradfield (1952)
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found that the uptake of Ca45 from solution by lucerne was
reduced at pH 4.5 and 5.5, as compared with pH 6.5,

Arnon et al (1942) suggested that the poorer
growth they obtained at pH 4.0 and 5.0 was related to
reduced uptake of calcium due to the high hydrogen ion
concentration, and it is likely that a similar effect
occurred in this study at pH 4.5 and 5.0, where growth was
reduced as compared with pH 6.0. The results of the three
water culture trials showed that a higher concentration
of calcium was necessary to support a given rate of calcium
absorption and hence plant growth at low than at high pH.
Recently, Jacobson et al (1960), and Waisel (1962) have
postulated that calcium prevents the harmful effects of
low pH by blocking hydrogen ions at the outer cell
uembrane, probably the plasmalemma.

Many previous studies have shown that calcium
enhances the uptake of potassium and rubidium ions from
solution, but reduces the uptake of sodium and hydrogen
ions (Viets, 1944; Fawzy et al, 1954; Kahn and Hanson,
1957; Higdon and Marshall, 1959; Jacobson et al, 1960,
1961; Jackson and Evans, 1962; Waisel, 19623 Rains
et al, 1964), The results obtained from analyses of
plant material from trial II supply supporting evidence Tor
these findings. Where calcium level was increased,
potassium uptake was also increased, mainly in roots, and
sodium uptake was decreased in both roots and tops., This

selectivity occurred even where there were only slight



95

growth responses to calecium. Most previous studies (Viets9
1944 ; Pawzy &t al, 1954; Kahn and Hanson, 1957; Jacobson
et al, 1960; Waisel, 1962; Rains et al, 1964) on calcium
effects on selectivity for monovalent cations have been
short-term experiments with excised roots, and there has
been little information available previously on whole
plants which have undergone a lengthy period of growth and
absorption:

- In trials II and III lucerne needed more calcium
for growth than daid subterranean clover. Symptoms of
calcium deficiency appeared earlier on lucerne than on
clover, they were generally more severe and occurred at
higher calcium andg PH levels. The large difference in
calcium requirement between the two species is difficult
to explain on the basis of calcium uptake, as calcium
levels in the tissues were not greatly different. It is
possible that more calecium is immobilised in lucerne than
in clover, and is unavailable for cell metakolism. Work
on this aspect way help to explain the difference in
calcium requirement,

At pH 5.0 and 6.0 in trials I and II, phosphorus
toxicity symptoms appeared in subterranean clover in
higher calcium treatments, Lucerne showed little effect
and contained much lower levels of phosphorus in the
herbage than did clover. The phosphorus content of the
plant material was increased by high calcium chloride in

the nutrient solution and by high pH. Over 1% P was
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recorded in subterranean clover showing acute symptoms,
Little mention is wade in the literature of calcium and
hydrogen ion effects on phosphorus uptake although Tanada
(1955) records that in solution culture, calcium greatly
enhanced phosphorus uptake in excised wung tean roots,
while McEvoy (1964) found that P32 uptake by flue-cured
tobacco was significantly increased by raising the pH of
the nutrient solution.

High teuperatures during trial I seemed to
enhance phosphorus toxicity symptoms. Powrie (pers. comm.)
has also noted this with subterranean clover in sand and
water culture trials. McIEvoy (1960) found that in
nutrient solution uptake of radiophosphorus by flue-cured
tobacco increased significantly with temperature increase
from 10°C to 35°C, while Knoll, Brady and Lathwell (1964)
in glass house experiments with corn, found that phosphorus
uptake increased when soil temperature was increased from
15% to 259,

Phosphorus toxicity has been noted by Rossiter
(1952, 1955) in subterranean clover and oats and by
Warren and Benzian (1959) in yellow lupins. Both workers
recorded phosphorus levels greater than 1% in affected
plants. Strains of subterranean clover grown in nutrient
solutions are known to differ in their tolerance of high
levels of phosphorus. For example, Clareshowed more
severe symptoms and contained a higher level of phosphorus

than the less-affected Bacchus Marsh variety (Powrie,
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pers. comn.). Snaydon and Bradshaw (1962b) have shown
that natural populations of .hite clover vary in their
response to phosphate, and that the yield of some edaphic
ecotypes is depressed by high levels of phosthorus,

Noggle and Fried (1960) suggested that the differences in
uptake of phosphorus by excised roots of millet; barley
and lucerne could be largely accounted for by diffarences
in concentration of phosphorus "ecsrrier" in the plants.
Such a difference could possibly be cof wide occurrence

but further study is required before it could be accepted
as an explanation for the differsnces in phosphorus uptake
in clover and lucerre. The reason for the heruful effects
of high phosphorus levels is noct as present Xnown.

In the experiments where roct hair development
was examined, 1t was clear that the length of taproot
covered in hairs, and the number and length of the hairs
themselves, was highly dependent on the calcium =nd
hydrogen ion concentration of the nutrient solution.

Yhere the calcium level was reduced at pH 6.0, root hair
development was alsc reduced in both species. At pH 5.0,
root hairs on clover were long and dense only at 5.0 ma
Ca/l, and were almost completeiy absent on lucerne vhatever
the calcium level,

As far as the author is aware tais is the first
study of the effects of calcium and pH on root hair
development in subterranean clover and lucerne, although

observations have teen made on a number of other plants
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(Cormack, 1949,1962). Parr (1927 a, b, ¢; 1928 a, b) found
that calcium was required in the nutrient solution for the

growth of root hairs on Brassica oleraceae, where it was

used for cell wall formation. He also showed that pH was
an important factor in root hair development, tut the
adverse effects of low pH could be overcome to some extent
by increasing the level of calcium in the solution.

Ekdahl (1957a), working with wheat roots, found that root
hair length could be increased by increasing the pH or
calcium levels in nutrient solution. Cormack (1935, 1944,
1959 a, b) showed that calcium combined with pectic acid
in the hardening or calcification of the root hair wall,
In the absence of calcium, he found that hair formation on
- fomato and Brassica roots was greatly reduced, and the
hairs were short and sometimes swollen, with soft cell
walls,

Iucerne showed a higher calecium and pH require-
ment for root hair development than did subterranean clover
in these trials. This may be due to & greater need for
calcium by lucerne in calecification of the root hair wall.
The response of the two species to calcium in root hair
development parallels the responses in dry matter increase,
and indicates some common property of the hair cells and
other tissues in respect to calcium need or difficulty of
calcium uptake.

In the earlier root hair trial a high level of

nitrogen in the nutrient solution caused a large reduction
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in root hair development of both species. Thornton (1936)
observed a similar effect in lucerne. He found that both
the number of root hairs and their length were greatly
reduced by addition of sodium nitrate to the solution.

Nodule formation in subterranean clover
followed a somewhat similar pattern to that observed by
Loneragan and Dowling (1958) for the same species (Figs.9
and 11). They found that almost maximum nodulation could
bte achieved by increasing either calcium or pH, so long as
the calcium was above 0.02 me/l and the pH atove 4.0. In
this trial, almost maximum nodulation could be obtained in
clover by increasing either calcium or pH, so long as
calcium was above 0.10 me/1 and pH above 4.5. Nodules may
have formed at pH 4.5, however, if 20 me Ca/l (as used by
Loneragan and Dowling) had teen used. In contrast to
Loneragan and Dowling's experiments this trial was uncom-
plicated by the presence of nitrogen in the nutrient
solution. A very large species difference in nodule for-
mation occurred. Nodules were much later in appearing on
the lucerne roots, and a calcium level of 0.50 me/l was
reguired to obtain near maximum ncdulation at pH 6.0, A%
PH 5.0, no nodules formed even at 5.00 me Ca/1 although
plants from this treatment in a +N solution produced near
maximum yields of herbage.

In contrast to the findings of other workers
(Albrecht, 1932; Loneragan and Dowling, 1958; Andrew
and Norris, 1961) there was little to indicate that the



100
calcium requirement for nodulation was higher than for
growth of the host plant. For example, the critical
calcium level for near maximum plant growth and nodulation
of clover at pH 6.0 was 0.25 me/l, and below this both
were depressed. However, a higher pH requirement for
nodulation was evident in both species. While clover and
lucerne at 5.00 me Ca/1 grew well at pH 4.5 and 5.0
respectively, they did not nodulate well at this calcium
level until the pH was raised to 5.0 and 6.0.

Number of nodules formed on the roots of the two
legumes was closely related to root hair number and length.
For example, at pH 5.0 or 0.10 me Ca/1 where few or no
nodules were present on lucerne, root hairs were sparse,
short, or completely absent. At 5.0 me Ca/l and pH 6.0
where nodulation was at a maximum, root hairs on lucerne
were long and dense., A similar situation occurred with
clover. At pH 5.0, root hair development, nodulation and
nodule number all increased, and at pH 6.0 root hair
development and nodule number increased, with increasing
calcium level.

Thornton (1936) observed that where root hairs
were less than 150p in length, little curling occurred.
Raggio et al (1957) have ascribed improvement in nodulation
in vermiculite and sand to marked increases in length and
numbers of root hairs. As the principal means of infection
of a clover root is through the root hair, the number of

root hairs present, and their length, may largely determine
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the percentage of root hairs which curl and nodules which
form, so long as bacterial numbers are non~-iiwiting, as
was probably the case in the experiments deseribad here,
Therefore, in nutrient solution a% least, one of the main
effects of calcium and hydrogen ions on nodule formation
may be through their effects on root hair growth. Not only
could this account for the nodulation response to calcium
and pH within a species tut wmay largely explain the
difference between subterranean clover and lucerne which

has been established in these experiments.

WAITE INSTITUTE
LI3RARY




B. Nodulation Trials in Mt. Compass Sand.

1. Introduction.

Siliceous sands occur widely in South Australia.
They are found in the South~East and Eyre Peninsula
districte and in scattered areas in the Adelaide Hills.
On these sands, difficulty in establishing two commonly-
grown legumes, subterranean clover and lucerne, have
frequently occurred, more especially in lucerne. Defic~
iencies of phosphorus, copper and zinc have been recorded
in some of these soils (Riceman, 1945, 1948), btut nodula-
tion failure has also teen responsitle for poor establish-
ment. Nodulation failure may te due to a number of causes,
including absence of suitable rhizobia from the soil or
poor survival of inoculum on seed and/or in scil, due to
an adverse physical (heat, cold or desiccation), chemical
(acidity, calcium deficiency), or biological (miecrobial
antagonism, antiblotics) environuent. The possibility of
low pH and calcium levels affecting nodulation as such
much also be considered. On deep sands in the Bangham
Scrub in the South-East district improvement in Toth soil
calcium and pH levels is necessary for successful nodula-
tion of lucerne (Powrie, unpublished), while at lit. Compass,
in the Adelaide Hills, both lime (Ca003) and heavy rates
of inoculum improve nodulation of subterranean clover
SWarcup and Hockley, unpublished).

Field observations suggest that subterranean

clover and lucerne differ in their requirements for growth



and nodulation (Warcup, Hockley, Powrie, unpublished).
Confirmation of this was obtained in the water culture
experiments descriced in Section A, vhere lucerne was

found to be much less tolerant of low calcium and high
hydrogen ion concentrations than subterranean clover.,

The difference is of agronomic importance tecause lucerne,
with its perennial habit and ability to survive long
periods of drought is better suited to deep sands than is
subterranean clover.

At HMt. Compass, 45 miles south of Adelaide, where
areas of deep, acid sand occur, the legume establishment
problem is most acute and both subterranear clover and
lucerne are difficult to establish. The 4%, Coupass sand
was therefore selected for comparative nodulation studies
to provide information on the reasons for nodulation
failure in the two species and also to allow further
investigations of the effects of calcium and pH on
nodulation, under field conditionms.

(a) Climate.

Mt. Compass has a climate that shows a marked
seasonal contrast, with warm to hot, dry suumers and cool
wet winters. The mean annual rainfall (20 year average)
is 31.9 inches, two-thirds of this falling frow iiay to
September (Fig. 12). Although no teuperature records are
available for Mt. Compass, air temperatures measured at
Waite Institute (Table 7), indicate the seascnal range.,

The mean air temperature during the winter menths



1s probably less than that prevailing in Adelaide. In
1963, during June, July and August, the average daily air
temperature measured at the field plots was 4--5°F relow

that at the Waite Institute (Fig. 13).

TABLE 7
Average Daily Air Temperatures (®F) 1925-61,
Month Vaximum Minimum Mean
January 82.0 0.8 71.4
February 80.0 0.8 70.8
March 78.3 9 5 68.9
April 70.3 4 ) 52.5
May 64.0 0.7 573
June 59.0 6 9 53.0
July 572 45.3 5163
August 59.1 46,0 52.5
September 63.7 48 .4 56,1
October 68.2 51,1 59.6
November 737 54 .4 64.0
December 78.5 57.9 68,2
Year 69.6 53.0 61.3

Air temperatures of above 100°F occur occasion-
ally in summer, and a few ground frosts are experienced
in winter. At Myponga, a weather station close tc iit.
Compass, and receiving 29.3" of raiufall annually, Trumble
(1948) has calculated an average growing seasonm of 9.7
nonths for surface-rooted annual plants. o comparable
data are available for Mt. Compass, but the growing

seagson is likely to bte similar to ilypouga.



FIGURE 12,

Monthly rainfall at Mt. Compass, 1962 and 1963,

FICGURE 13,

Comparison of air temperatures at Waite Institute, Adelaide,

and at field trial site, Mt. Compass, winter 1963,
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(b) Soil.

The soil on which the experinents were
conducted at Mt. Compass is a deep sand with warked
podzolic characteristics. A typical soil profile is
shown in Plate 16. The A horizon consists of about 12"
of light grey sand which merges into 30Y of leached off-
white sand almost free of plant roots and visicle organic
remains. Below this lies a sharply-defined 6" band of
compacted sand stained reddish-brown from an acoumulation
of organic matter and possibly iron oxides. DBelow this is
several feet of well-drained yellow sand. A wmor litter
may accumulate if the soil remains undisturbed,

The sand is coarse, with only a tracse of clay.
Greenland and Ford (1954) by ultrasonic dispersion,
separated a light fraction, 4% by weight, whiek is 40%
organic matter and contains 85.3% of the soil carbon. The
topsoil has a pH value of 4.90 (4:% paste), but the pH
drops sharply to 4.3 in the zone of organic accuwulation
at 42" depth. Many soil nutrients sre in short supply,
including N, P, K, Mg, Zn, Cu, Co, and prokably Ca and S,
Details of the chemical characteristics of the soil are
listed in Table 8§,

(c) Vegetation.

The deep sands at Mit. Coupess support an opsen,
native scrub vegetatiocn, very rich in species, tut now
somewhat modified under the influence of fire and domestic

animals., The majority of the plants in the vieinity of



PLALE 5,

General view of field trial site, Mv. Compass, showing

plots in foreground and native vegetution in the background.

Soll profile at field trial site, mb. Compis

0 - A ngih‘-‘i e SAnd
12 -~ 42" Leached, off-whiie =and.
42 - 48" Compacied reddish-trown layer of sand,

Below 4G" Yellow sand.
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Physical and Chemical Characieristics -

Mt, Compass Sand (0-4" layer).

Mechanical analysis:¢

Passed through 1000 miecron sieve
" [} 500 L] L2
L] 2] 2 '1] 1 L] #n

Clay fraction:

Organic carbon (dry combustion method):
Nitrogen:

C:N ratio:

Phosphorus:

Cation exchange capacity:

Total exchangeable bases:

Exchangeable cations: ca*?t

9,24%
73,00
17.76

trace
0.68%
0,036%
19.4
0,0014%
3,16 meb
1,46 mek

1,20 me%h
0,20 me%
0,03 meh
0,03 me®
1,70 mek




109

the trial area are dwarf shrubs with ericoid leaves,
giving the whole association a heath-like appearance,

Areas of btare ground occur tetween the shrubs. EBucalyptus

baxterl is the dominant tree, growing to the height of

20-25 feet, and Banksis marginata, B. ornata, Xanthorrhoesa

semiplana, Leucopogon virgatus, Leptospermum myrsinoides,

Casuarina paludosa, Isopogon ceratophyllus, Acacia

verticillata and A. myrtifolia are the most abundant

shrubs. Bracken (Pteridiun aguilinum) is also prominent,

A list of plants collected in the vicinity of the plots

is recorded in Appendix 5, and specimens of each have

been deposited in the Waite Institute Hertarium. A general
view of the trial site, with native vegetation in the
background, is shown in Plate 15,

(d) Previous trials.

Several studies of legume establishment on Mt,
Compass sand have been made in recent years by the South
Australian Department of Agriculture, C.S.I.R.0., Division
of Soils, and Waite Agricultural Research Institute, and
these are briefly summarised here.

(1) Officers of the S.A. Department of Agri-
culture examined the effect of lime on subterranean clover
establishment on the property of Kr. Black, 374 1b. per
acre giving better results than 187 1b. per acre.

(ii) Officers of the S.A. Department of Agri-
culture and the Plant Pathology Department of the Waite

Institute laid down fertilizer and Rhizobium inoculation
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trials on old cleared ground on the property of Mr,
Nitschke., With subterranean clover, apart from an early
response to nitrogen, growth of all plots was good and
no difference between treatments could be seen,

(iii) Members of the Biology section, C.3.I.R.0Q.
Division of Soils also conducted fertiliser trials on
Mr. Nitschke's property, on a site recently cleared from
scrub and btracken, and akout 200 yards from the Department
of Agriculture trial. Neither lucerne nor subterranean
clover established well. Work is continuing, and
J.R. Harris (personal comm.) has indicated that an organic
toxin may ke present in the sand, causing reduction of
growth of subterranean clover, lucerne and ryegrass
seedlings.

(iv) J.K. Powrie of the Agronomy Department of
the Waite Institute examined the effect of cobalt on the
growth of subterranean clover and lucerne sown in an ares
ad jacent to the C.S.I.R.0. trials. Jith a basal dressing
of 30 cwt. of lime a number of lucerne plants tecame
estaklished, and these were still present three years
later. No respomse to cobalt was rccorded.

A further trial on an adjacent site in 1963
showed a marked growth response in subterranean clover to
addition of cobkalt.

(v) J.10. Yarcup and 5.R. Hockley of the Plant
Pathology Department of the wWaite Institute conducted

further establishwent trials with suvterranean clover in
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1960 and 1961 alongside the area used by J.K. Powrie, A
significant response to increased level of inoculum on the
seed and calcium carbonate addition to the sand occurred,
8s measured by average dry weight per plant five months
from sowing.

2. Mt. Compass Field Trial, 1962,

In view of the plant responses obtained by
previous workers on addition of CaCO3 to the sand, and to
increased level of inoculum on the seed, a field trial was
designed to investigate the effect of calcium, pH and level
of seed inoculum and their interactions on nodulation of
subterranean clover and lucerne.

(a) Site preparation.

The area chosen for the experiment adjoined the
plot sites previously estatlished by the C.S.I.R.0. and
the Waite Institute and had recently been cleared of scrub
and disc-ploughed to a depth of 10 inches. After it had
been fenced it was raked smooth and given a basal
fertilizer dressing (Tatle 9) applied by nand on lay 17th,
1962,

TABLE 9
Basal Dressing - Mt. Coupass,
Pounds/acre Pounds/acre

NazHPO4.2H20 * 260 CuSO405H20 7
MgSO4.7H20 112 Na23407 7

KZSO4 224 (NH4)6M07024 2 0Z,
MnSO4,4H20 14 CoSO4o7H20 2 oz,
ZnSO4.7H20 7 *Supplying P equivalent to 4cwt.

of superphosphate.
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(b) Treatments.

The trial was of factorial design with four

replicates of the following treatments.

1, Legume Species I[It. Barker subterranean clover

Hunter River lucerne

2. pH 5.0
6.0
3. Calcium Control Cao
Equiv. 2 cwt. CaCO3 Ca1 *
a 4 " " Ca2
" g n " Caqy ¥
" 12 v " Ca4
4. Inoculum Normal (1x) In,
Heavy (1000x) In,

*¥ Normal inoculum only.

Soil pH was raised by the addition of*MgGO3
applied at the rate of 7 cwt. per acre, while calcium was
added as GaSO4o%H20o To check on the p?%sibility of free-
living rhizobia teing present in the sand, a Ca4, pH 6.0
treatuwent was sown with surface-sterilised, uninoculated
seed. In two further treatments, both with heavy inoculum
the pH was raised by 4cwt./acre of fine CaCO3 and the
proportions of CaCO3 and CaSO4 adjusted to provide a pH
of approximately 6.2 and a calcium equivalent of 4 cwt.
(Ca2) and 12 cwt. (Ca4) of CaCO3 per acre. Thus there
were 19 treatments for each species,

The randomised block layout is shown in Fig.14.
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Mt, Compass Field Trial, 1962,
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A general plan of all field trials conducted in 1962 and

1963 is shown in Fig. 15. Plots measured 28 x 3 links;
the two species receiving identical treatment being

baired and randomised within each pair. Fertilizers were
mixed with a quantity of dry sand and broadcast on a

strip 2 links wide down the centre of each plot, and raked
in to aktout 2" depth.

(c) Seed.

Seed of subterranean clover (var. Mt. Barker)
and lucerne (var. Hunter River) was sieved to obtain
samples with little variation in individual seed size.
The following mean weights per seed resulted.

Clover - 5.8 ng./seed

Lucerne - 2.2 mg./seed.

Seed of the same size, and from the same sample
was used in all further trials,

(d) Seed inoculation.

Cultures of Rhizobium trifolii (W 107 ex SU 329

(1956)) and R. meliloti (W 114) were grown on nutrient

agar for 5 days. Seed was inoculated 48 hours tefore
sowing and allowed to dry at room temperature in the
laboratory. The method used for inoculation was as
follows.

Normal inoculum: A culiture of inoculum was

mixed thoroughly with 850 ml. (1% pts.) of skim milk.
A 4.25 ml. aliquot was added to 113.0 g. (§ 1b.) of sced,

Plate counts showed 1,600-2,700 cells/seed on subterranean



FIGURE 15.

Location of field trials at Mt. Compass, 1962 and 1963.
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clover, and 3,000/5,000 cells/seed on lucerne.

Heavy inoculum: (x 1,000) The undiluted

culture slime was mixed directly with 22.5 g. of seed.
Subterranean clover and lucerne had 1 x 106 and 3 x 106
bacteria/seed respectively, according to plate counts.

The next day, seed was counted into lots of 100,
placed in small envelopes and stored in a refrigerator
until sowing.

(e) Sowing.

The trial was sown on May 25th, a single row
of 100 seeds being sown at 2" depth down the centre of
each plot. To facilitate even sowing, the seed was mixed
with a swall quantity of dry sand. The plots were damp
at sowing, having received over 3" of rain in the previous
few days.

(f) Emergence and nodulation.

Emergence appeared to be complete within 2
weeks, and when plants were examined on July 2nd (38 days
from sowing) there were small nodules on subterranean
clover, but none on lucerne.

Movement of sand on part of the plot ares
damaged young seedlings in the southern end of the trial,
especially the lucerne. The northern, more sheltered area
was less affected.

(g) PField plot harvesting and nodule counting technigues,

Whole plants were removed at random with a long

narrow trowel and placed in labelled plastic bags. The
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sand was sufficiently loose to allow removal of the roots
with little damage or loss. Plants awaiting examination
in the lakoratory were stored in a refrigerator at 4°¢.

The plants from each plot were washed with
tapwater to remove adhering sand. Nodulated and non-
nodulated plants were Separated and "primary" and
"secondary" nodules were counted separately on each
nodulated plant. "Primary" nodules were defined as those
on the taproot within 1" of the crown of the plant, while
all other nodules on both +the lower part of the taproot
and lateral roots were classed as "secondary". The
primary nodules were larger and were observed to form
quite early in the seedlings life. Their presence on
plant roots was regarded as a measure of effectiveness of
the inoculum, pH or calcium treatments.

Where difficulty was experienced in distinguish-
ing between nodules and lobes of an individual nodule, all
were classified as single nodules.

(h) Harvests.

Twelve seedlings from each row were removed at
random on dJuly 17th, 53 days from sowing. At this stage,
all plants had developed a unifoliate leaf, with the first
trifoliate leaf beginning to appear on larger subterranean
clover plants. Plants were classified into non-nodulated
and nodulated, and nodules counted,

A further random sample of 20 plants was

harvested from each row on September 4th, 102 days from
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sowing and 49 days after the previous harvest, and similar
measurements were made of nodulation. Plant tops were
rinsed in distilled water and retained for dry weight
determination and chemical analyses. Calcium and
phosphprus levels were determined by methods already
described, while nitrogen levels were determined by the
micro-Kjeldahl method. No roots were kept as very
considerable effort was needed to remove entangled
fragments of organic matter.

Sand tlast effects were again evident in thel
south-west corner and in some plots it was impossible to
obtain the required 20 plants. A Teature of the lucerne
seedlings was their stunted and btluish appearance, even
though many were nodulated and the sand had received basal
nutrients. Nodulated plants could usually be picked out
by their larger size but in no case were they as large as
expected of 3 month o0ld plants.

(1) Soil pH measurements.

It is well known that the pH of any soil depends
on the conditions of measurement. The Mt. Compass sand
does not disperse in water, and a 4:1 paste preparation
(sand and distilled water) was used in all PH measurements
as it was considered that this approached field conditions
more closely than a 1:2.5 or 1:5 suspension used on normal
soils. The following are pH readings obtained from four

sand-water mixtures.
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4:1 = 4.95
1:1 = 5.10
1:2,5 = 5.25
1:5 = 5.45

All readings were made on a Cambridge pH meter
with glass and calomel electrodes, after the paste had
stood overnight at room temperature,

Soil samples from the field trial were obtained
at 0-2" in July and again in December for pH determinations.
Three samples were taken from all plots and measurements

made on bulked samples. The following results were

obtained.
July December
Control 4.98 4.93
7 cwt. MgCOB/écre 6.01 5.92
4 cwt, Caco3/acre 6.78 6.53

The 4 cwt. of fine CaCO3 was expected to raise
the pH to 6 but the level obtained was nearer 7. Little
change in pH occurred during the experiment in spite of
heavy rains in the winter. The plots Where'CaSO4.%H20
was added were not measured separately in July, but in
December pH levels obtained from +Ca and -Ca plots were
similar,

(j) Results.

Significant responses in nodulation to

increased level of inoculum and increased pH occurred, btut

only a slight response to calcium was obtained. A marked
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species difference occurred. Complete results from the two
harvests, including statistical data, are presented in

Appendices 6 and 7.

i. Level of inoculum. The response to level of

inoculum was an outstanding feature of the trial (Fig. 16
and Table 10). Where no inoculum was applied, lucerne
plants failed to form nodules, although a few secondary
nodules gradually appeared on most uninoculated subter-
ranean clover where pH and calcium levels were near
optimum. Pronounced responses to inoculation of the seed
occurred, especially where 1,000 x normal levels were
used. TFor example, 100% nodulation of clover could be
obtained whatever the treatment, provided a high level

of inoculum was used. In lucerne, nodulation was poor,
even with adequate calcium and a PH of 6.0, except where
1,000 x normal inoculum was applied to the seed.

The dry wmatter yield at final harvest was
greatly affected by wind damage. Consequently the effects
of varying nodule number on dry matter production were
difficult to assess, although a yield response was
apparent in subterranean clover where heavy inoculum was
applied to the seed.

ii. Time. In comparison with the first harvest,
an improvement in btoth percentage of nodulated plants and
in nodules per plant had occurred at the second harvest
in toth species, (Fig. 16 and Table 10). This was

particularly so in clover where normal inoculum was used,



FIGURE 16.

Mt. Compass Field Trial, 1962 - Effect of level of

inoculum on seed on the percentage of nodulated plants,

at pH 6.0 and ca4 (= 12 cwt. Caco3/acre)°



(%)

PLANTS

NODULATED

100

50

m CLOVER

® LUCERNE
- .- —— 8 HARVEST TI
HARVEST I
HARVEST II
i HARVEST I
i 1 1 e
NIL NORMAL HEAVY
INOCULUM LEVEL ON SEED



TABLE 10,

Effect of Level of Inoculum and pH on Nodulation.*

Field Trial 1962,

i 8

L}

_ Treatmeht '

Subterranean Clover ] Lucerne
% Nod.| Nods/Plt. % Nod. | Nods/Plt.
Plts, Plts.

Prim., Sec,

Prim. Sec,

No inoculum
PH 6.0

Normal inoculum
PH 5.0
PH 6.0

Heavy inoculum
PH 5.0
PH 6.0
PH 6.8

No ineculum
~pH 6.0
Normal inoculum
PH 5.0
PH 6.0
Heavy inoculum
pH 5.0
pH 6.0
PH 6.8

Harvest I.

62.8 | 0.5 2.8

67.5 | 0.9 3.0
83.7 | 1.3 4.0
100.0 | 4.0 7.1
97.7 | 4.5 6.4

100.0 3.9 4,5
Harvest II,

98.7 | 2.6 6.4

100.0 | 2.5 3,0
100.0 | 3.3 4.8
100.0 | 4.5 8,2
100.0 | 6.9 8.0

100.0 5.9 7.4

301

8.7
21.2

26,1
69,5
89.5

0.4 1.7
096 009
0.9 1.3
2.4 0,6
1.7 1.1
1.7 1.1

* Mean of 4 replicates, 12 plants/replicate at Harvest I and

20 plants/replicate at Harvest II, all at Ca

CaCO3/écre)o

4 (= 12 cwt.
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and resulted in the differences between the two inoculum
levels being consideratly reduced when Harvest II was
taken.

iii, pH. Nodulation of lucerne was very poor
at pH 5.0 whatever the calcium or seed inoculation levels,
but progressive improvement occurred at pH 6.0 and 6.8
(Fig. 17 and Table 10)., Hodulation of clover at pH 5.0
was much better than that of lucerne, btut a response in
percentage nodulation (with normal inoculation only) and
nodule numbers was still obtained when the pH was raised
to 6.0. No further response in clover was ottained at
pH 6.8.

iv., Calcium. Calcium responses were small and
not significant (P>5%), but were evident in both species
at each harvest. In subterranean clover they occurred at
PH 5.0 where, with normal inoculum, an increase in both
percentage nodulation and nodule number per plant took
place (Table 11). However, where heavy inoculum was used,
all treatments were nodulated, and an increase in the
number of nodules per plant was the only calcium response.
Little increase in percentage nodulation occurred above
the minimum calcium level used, although nodule numbers
per plant rose with further additions of calcium in some
cases.,

Nodulation of lucerne was poor where a normal
level of inoculum was used, and there was no response to0

calcium, but with heavy inoculum the percentage nodulation



FIGURE 17.

Mt, Compass Pield Trial, 1962 - Effect of soil pH on the

percentage of nodulated lucerne, with heavy inoculum, at

53 and 102 days from sowing.
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TABLE 11.

Effect of Calcium on Nodulation - Harvest I.

Field Trial 1962,

it

123 5

'Treafment

Subterranean Clover Lucerne
% Nod.| Nods/Plt, % Nod. | Nods/Plt.
Plts, Plts,
Prim. Sec. Prim. Sec.
5.0.
Norméi inoculun
Caq 54.7 | 0.9 1.5 2.1 1.0 O
Ca, 64.6 | 0.4 2.7 0 - -
Ca, 67.5 | 0.9 3.0 0 - -
Heavy inoculum
Cao 100.0 3.1 3.5 4.2 1.0 0]
Ca2 100.0 3.5 4,9 10.4 0.9 0.4
Ca4 100.0 | 4.0 7.1 18,3 1.1 0.4
B 6.0.
Normal inoculun
Cao 89.2 1.1 2.1 8.3 0.5 0.7
Ca, 75.8 | 2,2 3.4 6.1 0.8 0.5
Cay 83.7 | 1.3 4.0 6.8 1.0 0.3
Heavy inoculum
Cay 100.0 | 4.3 5.3 33.4 0.8 0.6
Ca, 97.9 | 5.8 3.5 20,8 0.9 0.7
Ca, 97.7 | 4.5 6.4 47.9 0.7 1.0
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increased with addition of calcium, at both pH levels.
Addition of calecium to the sand increased the
level of calcium in the herbage of both species (Table
12).
TABLE 12.

Effect of calcium addition on percentage
of calcium in herbage — Harvest II*,

‘Treatment Lucerne Subterranean Clover
Cao 1.18 0.97
Caz 1.70 1030
Ga4 2.22 1.66

*¥ DMean of two pH treatments.

v. Phosphorus. In subterranean clover, plant

phosphorus levels ranged from 0.18-0.23%, and were not
affected by either calcium or pH treatment. In lucerne,
however, the levels were affecited by pH, and were 0.21-
0.27% at pH 5.0 and 0.36-0.46% at pH 6.0

3. Pot Trials - it. Compass Sand.

(a) Pot Trial I.

In order to examine the effects of levels of
inoculum, pH and calcium on nodulation of subterranean
clover and lucerne in lit. Compass sand under more
controlled conditions, a pot trial was set up in an
open-sided glasshouse at the Waite Institute. The
treatments used were similar to those of the main field

trial at Mt., Compass, and were as follows:—



125

1. Species: subterranean clover and lucerne.
2. pH levels: 5.0 and 6.0.
3. Calcium: control Ca
equivalent of 8 cwt. CaCO3 Cay
" "24 m " Ca,
4. Inoculum: normal xi1 In,
heavy x1000 In2

The trial was of factorial design, with 6
replicates, and a total of 144 pots.

i. Method. Sand to a depth of 6" was obtained
from an area under virgin scrub, ad Jacent to the field
trial site at lt. Compass. After air drying, it was
sieved through a %" sieve. A basal fertilizer dressing,
similar to that used in the field trial, and calculated
on a soil weight basis, was added to the sand, macro-
nutrients being thoroughly mixed before potting and trace
elements added as 2 solution to each pot. The pH was
raised by addition of 1igC0y at the rate of 1.28 g/1000 g
sand. Calcium was added as CaSO4.§H20 (0.93 g and
2.79 g/1000 g sand).

Five inch diameter plastic pots, each holding
1400 g of air-dry sand, were used in the experiment.
Three drainage holes at the tottom of each pot were
covered with nylon cloth to prevent the sand from
escaping. After potting, 170 ml of distilled water were
added to each pot. Seed was inoculated as previously,

and 13 seeds were sown in each pot at " depth, two hours
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after inoculation, on August 13th, 1962. Pote were
watered regularly with distilled water to constant welght,
and the plants thinned to 12 per pot after a fortnight.

The whole trial was harvested on Septemter 25th,
43 days from sowing. Plants were divided into three
categories; primary nodulated, secondary nodulated and
non-nodulated as defined previousiy. The three categories
are illustrated in FPlate 17.

Nodule counts were made, and the tops of each
category retained for dry matter, nitrogen, calcium and
phosphorus determinations.

ii. Results. Differences in top growth due to
level of inoculum and pH treatuwent were apparent at the
time of harvesting (Plates 1¢ and 19) and were verified
by later measurements. No response to calcium was
visible at any stage, nor was one found at harvest.
Complete results of the harvest are presented in Appendix
8, but the effects of level of inoculum and pH on
nodulation are presented in Tabkle 13,

In clover, a highly sigwnificant response to
heavy 1noculum was obtained, both in percentage nodulation
and in nodule number per plant. Clover plants from seed
receiving heavy inoculuu were large, dark-green and
vigorous, all treatments having large, pink primary
nodules present. iany of the normally inoculated plants
were small, yellow and nitrogen deficient with nodules

completely absent or present as small, white secondary



PLATE 17.

Nodulation in subterranean clover., From ieft, non-ncdulated

secondary ncdulated, and primary nodulated plants.






Pot Trial I, Mt, Compass sand.

Effect of pH and level of incculum on nodulation and growth

at harvest (43 days from sowing).

PLATE 18, Subterranean Clover,

Upper - mnormal inoculum.

Lower - Theavy incculum.

Left - pH 5.0,

Right - pH £.0.

PLATE 19. Lucerne.,

Upper - mnormal inoculum.
Lower - heavy inoculum,
Left - PpH 5.0,

Right -~ ©pH 6.0,






TABLE 13,

129

Effect of Level of Inoculum and pH on Nodulation.*

Pot Trial I,

Treatment

% Nodulation Nodules/Plant
Prim.  Seec, Non- |Prim.Nod.Plts, | Sec.Nod.
nod. Prim, Sec, Plts,
Subterranean|Clover,
PH 5.0 In,| 23.2 36,1 40.7 5.2 0,7 5.3
Iny| 95.2 3.3 1.5 | 7.6 1.3 | -
PH 6.0 In,| 32.3 67.6 0 6.3 13.2 23.9
In, | 99.5 0.5 0 8.6 9,2 -
significance of difference.
Inoculum 1% 1% - 1% 1% 1%
pH n.s. 5% - 5% 1% 1%
Lucerne.
pH 5.0 Iny 4.0 0 96,0 - - -
In, | 28.7 56 65.7 4.2 0.1 -
pH 6.0 In, | 30.8 34.6 34,6 5.5 1.5 4.6
In, | 67.2 27,3 5.5 5.5 4.3 8.0
Significance of difference,
Inoculum 1% Nog, = oS 1% 1%
pH 1% 1% - 1% 1% 1%

* Mean of 3 Ca treatments, 6 replicates,

12 plants/replicate.
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nodules, not yet functionsl or ineffective. The few green
plants present were primary nodulated, but unodales were
less numerous than those on heaviliy~inoculated piants.

At pH 6.0, in normally inoculated ¢lover, an iacrease in
percentage nodulation and nodule nuaber took place, as
compared with pH 5.0, No¢ increase in percentage
nodulation occurred where heavy inocculum was used,
however, and nearly 100% nodulation was ottained 2t boith
pH treatments,

In lucerne, siguiiicant improvenent in
nodulation occurred where inoculum level or P was
increased. At pd 5.0, percentage nodulation of lucarne
was extremely poor, unless a high level of incculum was
used on the seed. At pH 6.0 a nNighly signilicant
improvement occurred, especially where heavy inoculum was
used, and a large increase in the percentage of nodulated
plants and nodules per plant was recorded. In both
species where primary nodules were present a considerable
reduction in the number cf secoadary nodules occuired, as
compared with secondary anodulated plantse. Secondary
nodulated plants sowetimes had wore shan tvice ag marny
secondary nodules as primary nodulated plants although
tieir root systems appeared smaller. At »I 5.0, the
number of secondary ncdulses on hesvily inoculated clover
plants was less than on norwzlly inoculsted vlants,
although the nuamber of primery unodules was greater.

Plant yield and percentage nitregen in toth
w2
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specles were lower iﬁ'secondary than in primary nodulated
plants, and decreased further in non-nodulated plants
(Table 14). The primary nodules, formed at an early stage
of growth, were able to commence nitrogen fixation wmuch
sooner than the secondary nodules and greater dry matter
production resulted. In subterranean clover, the yield
of tops was closely correlated with the number of primary
nodules present (Fig. 18). In both species, dry matter
production was greater at the higher pH level, due to the
presence of higher numbers of functional primary nodules.

TABLE 14.

Yield of Dry lMatter and Percentage Nitrogen in Tops*.

Pot Trial I.

Subterranean Clover Lucerne
Primary Secondary No—-Nod. |Primary Secondary Nonlod,
Nod.Plts. Nod.Plts., Plts., (Vod.Pits. Nod.Plts, Plts,
DM, (mg/
plant%
pH 5.0 35 26 22 18 - 11
pH 6.0 44 27 - 21 14 12
% N.
pH 500 5.07 3001 2.73 4»28X - 2a73X
PH 6.0 4.55 3.55 -~ 5.17 3,170 2,57

* llean of 3 Ca treatments, 6 replicates, 12 plants/
replicate.
All normally inoculated, except where marked X,

No response to addition of calcium occurred in

either species, except a slight increase in number of



FIGURE 18,

Pot Trial I, Mt. Compass sand - The relation between dry

weight of tops and primary nodule number in subterranean

clover,
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nodules on secondary ncdulated lucerne at pi 6,0, In
contrast, calcium additicn caused a significant
depression in primary nodule number (clover P i
lucerne P < 5%), greater at the higher calcium level,

in both species at both pH levels (Appendix 8). After
harvesting, pH determinations were carried out on sand
from all treatments, and the results provided & possitle

explanation for the depression (Table 15).

TABLE 1%,

pH Measuremenis - Pot Trial I.
Treatment Actual pH
PH 5 Caq 5.05
wen Ca1 4,62
"o Ca2 4.44
PH 6 Cay 6.35
" 1] Ca1 5075

{ =
" it Ca2 S 054

The pH of the sand-water mixture, as measured
with the glass electrode, dropped with increasing
additions of CaSO4°éH200 The significance and explanation
of these unforeseen effects is discussed later.

Calcium levels in the tops of voth species were
increased by addition of calcium to the sand (Table 16).

Slight phosphorus toxieity syupsoms were evident
on the unifoliate leaves of some subberranean clover plants

at harvesting. Phosphorus levels over 1% were measured in
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the tops of some treatments, but the level was reduced

where calcium level was raised (Table 7).

Percentage Calcium in Tops*,

TABLE 16.

Pot Trial I,

Treatment Sub. Clover Lucerne
Cao 0039 0038
Ca4u C.76 0,71
Ca2 0,89 0.85

* Mean of two pH levels,

Percentage Phosphorus in To
primary nodulated plants

TABLE 17.

Pot Trial I,

All primary nodulated plants,

Treatment Sub, Clover Lucerns

PH 5 Cao 1,13 1,30
Ca1 1,14 0,38
Cag 0,90 0,82

PH 6 Cao 1.20 0,94
Ca1 0,90 0,88
Cag C“o76 Oo 67

An increase in the dry weight of non-nodulated

clover and lucerne occurred as calcium level was

increased. It would be surprising if this was an actual

calecium response, in view of the lack of response to
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calcium in nodulation. It may have been due to a

reduction in excessive levels of Plant phosphorus which
occurred as calcium level was inereased (Table 18),
Phosphorus levels were much higher in non-nodulated than
in nodulated plants.

TABLE 18.

Phosghorus Level and Dr¥ Matter Production in
on-nodu atg ’lants a .

Pot Trial I.

Subterranean Clover Lucerne
Treatment [D.M, Yield % P D.M. Yield % P
(mg/plant) (mg/plant)
Ca, 21 1,70 9.6 1.72
Ca, 22 1.53 10,8 1.24
Ca, 23 1.26 13.1 1.00

(b) Pot Trial II.

It seemed possible that in the previous pot
trial any nodulation responses following calecium addition
to Mt. Compass sand had been masked by a pH depression
caused by the CaSO4.éH20 application. In order to examine
this possibility a second pot trial was designed to
include two calcium treatments, with pH adjusted so that
no depression occurred when 05804,2H20 wag added. This
trial wegs incorporated with a lime pelleting trial, the

results of which are discussed in Seetion C.
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i. Method. Calcium was added as a CaSO4o2H2O H

CaCO3 mixture. Preliminary tests showed that 0.90 g.

CaSO4u2H20 and 0,12 g. CaCO3 per 1000 g. of sand did not

alter pH and supplied calcium equivalent to 8 cwt.

CaCO3/écre. The basal fertilizer dressing was revised and

the phosphorus level considerably reduced in order to

avoid the excessively high levels of phosphorus in the

plant which occurred in the previous experiment.

The following basal dressing was used:

Approx.equivalent

Fertilizer Grams/100 kg.sand
NazHPO402H20 9.29
MgSO4e7H20 16.00
K2304 16.00
Na23407n10H20 0,50
MnSO4.4H20 0,50
ZnSO4.7H20 0.50
CuSO405H20 0,50
(NH, ) (Moo0,, «4H 0 0,016
COSO4Q7H20 0.016

per acre %o 4%,

cwt. (as super).

2

2 cwt.
2 cwt,
T 1b.

7 1b.

7 1b,

7 1b,
3.6 oz.
3.6 oz,

The trial was of factorial design, the treat-

ments used being as follows:-

Sgecies: Mt. Barker subterranean clover

Hunter River lucerne

Calcium: Control

- Cao

Equivalent of 8 cthCaCo3/écre ~ Ca,
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pH levels: 5.0
6.5

At each calcium level, three seed treatments
(normally inoculated; inoculated and coated with gum
arabic; and inoculated, gum arabic coated and lime
pelleted) were used, each with two replicates, giving a
total of six comparisons of calcium treatment.

The pH of the sand was raised to 6.5 by the
addition of MgCO3, while all seed received the normal level
of inoculum. Pot preparation, seed inoculation, sowing,
and treatment during the trial was similar to that used
previously. Initially 220 ml, of distilled water was
added to each pot of air-dried sand before sowing.

Watering to constant weight was carried out regularly.

Plants were harvested 24 days from sowing. At
this stage the third trifoliate leaf was present on
subterranean clover plants. Similar measurements to those
in the first trial were made.

ii. Results. Responses to addition of calcium
appeared in both lucerne and subterranean clover as an
increase in percentage of nodulated plants and in the number
of secondary nodules per plant., The complete results,
including statistical data, are presented in Appendix 9,
but effects of calcium and pH treatments are presented
in Table 19,

In clover the response to calcium appeared at low

PH only, but in lucerne the response occurred at toth high
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and low pH. The calcium level in the tops was signific-
antly increased in both species by addition of calcium to
the sand (Table 20),

TABLE 19,

Effect of Calecium and pH on Nodulation*,

Pot Trial IT.

% Nodulation Nodules/Plant
Treatment | Prim. Sec. Non- Prim. Nodu- Sec. Nodu-
nodu- lated Plts, lated Plts.
lated Prim. Sec. -
Subterranean Clover.
PH 5.0
Cao 45.8 33.3 20.9 3.5 0.6 2.0
Ca1 54 .2 43,0 2.8 3.5 4.3 T.2
PH 6.5
Cao 76.7 23.3 0 4.4 5.9 13.4
Ca1 82.0 18,0 0] 4.0 7.6 12,0
Lucerne.
pH 5.0
Cao 26.4 0 7306 304 004 -
Ca1 33.4 4,2 62.4 3,0 0.1 -
PH 6.5
Cao 53.1 26.6 20,3 3.0 2.1 4,5
Ca1 65.1 2502 907 208 2!3 5'8
¥ Mean of three pelleting treatments.
Prim, - primary. Sec., -~ secondary.

It can be concluded from this trial that lack
of any response to calcium in Pot Trial I was'probably due

to pH depression by CaSO4o%H20 addition.
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TABLE 20. '

Percentage Calcium in Tops¥*,

Pot Trial II.

Treatment Sub. Clover Lucerne

pH 5.0 Ca 0.63 0.60
Ca1 0.98 0.89

PH 6.5 Cao 0.52 0.54
Ca, 0.88 0,76

*¥ Mean of three pelleting treatments.

(e) Pot Trial III.

In the 1962 Field Trial at Mt. Compass, the
addition of a CaCOy : CaSO4.%H20 mixture to certain plots,
although designed to raise the pH of the sand to 6.2,
actually raised it to 6.8. As compared with other plots
raised to pH 6.0 with MgCO3, the treatment producing this
higher pH resulted in increased nodulation in lucerne,
although nco effect was apparent on subterranean clover.,
However, the possibility that this response was not due to
PH, but to an effect of the CaCOy : CaS0,.3H,0 mixture in
the absence of MgCO3 could not be overlooked. A pot trial
was therefore designed to find out whether a similar
response in lucerne occurred where the pH was raised to
near 6.8 by addition of MgCO3.
i, Method., A factorial trial was designed with

the following treatments:

Species: Subterranean clover and lucerne.
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pH levels: 4.90, 6.15, 6.60,

Level of inoculum Normal (x1) and

on seed: Heavy (x1000),

Bach treatment was replicated three times. Pot
preparation, basal fertilizers, seed inoculation, sowing
and watering was similar to that used in Pot Trial II and
all pots received a similar basal CaCO3 : CaSO4,2H20
dressing designed to maintain PH and add the equivalent of
8 cwt. CaCO3/écre. MgCO3 was used to obtain the higher
PH levels in the sand.

For convenience, the trial was conducted in a
growth room in conjunction with experiments designed to
study the effect of temperature on nodulation. The
temperature prevailing during the period of growth was
45°F a4 night and 60°F during the day, with a 12 hour
day~length. A light intensity of 1600-1800 foot-candles
was measured at plant level,

After 35 days, when the clover had'developéd
three trifoliate leaves, all plants were harvested .and the
number of primary, secondary and non-nodulated plants
recorded in each treatment.

ii. Results. The response to PH was similar
to that obtained in the field trial. Results are presented
in Fig. 19 and in Appendix 10,

While subterranean clover did not give any
response above pH 6.15, the percentage of primary nodulated

lucerne plants at pH 6.6 was significantly greater than at



FIGURE 19.

Potvifial,IIIJfMt.’Compass sand - Effect of pH on the

éercéntagéjﬁfﬁprimary nodulated plants, at normal and

héa#y"léﬁels bf inoculum.
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6.15. With subterranean clover, no response to pH was
obtained where heavy inoculum was used on the seed.

(d) Pot Trial IV,

The standard method wused for supplying caleiunm
and raising pH in Mt., Compass sand in previous trials has
been by addition of CaSO4 and MgCO3, respectively. In a
poorly-buffered soil such as this sand, there is always
the possibility that fertilizers may have side effects on
plant growth with consequent effects on nodulation., The
effect of CaSO4 on soil pH has already teen resolved, but
effects on uptake of other ions may occur. The aim of this
pot trial was to determine the effects on nodulation of
various sources of calcium and different methods of
raising pH of the iit. Compass sand.

i. Method. Pot trial preparation was similar
to that used for Pot Trial II. Tie experinent was
conducted in a growth room in conjunction with Pot Trial
IIT and was replicated three times. Seed was inoculated
at a normal level of inoculum. Ireatments are listed in
Table 21.

All calcium treatments were at the eguivalent of
0.64 g. CaCO3/1OOO g. sand, or 8 cwt./acre. As CaS0, . 2H,0
alone was known to depress pl a proportion of the calcium
was added as CaCO3, as in frizl II, TaCl2 alone also
depressed pil from 4.90 to 3.90, but a mixture of 0.20 g.
CaCO3 and 0.33 g. Ca012/1000 g. sand walantained pH at the

reguired level, A further treatment included a



TABLE 21,

Methods of Adding Calcium and
Raising pH in Mt, Compass sand,

Pot Trial IV,

Treatment Ca addition PH adjustment.
PH 5.0
Nil Nil

2 Ca012 Nil

3 CaSO402H20 Nil
PH 6.0

4 Nil Mg003

5 CaCl2 Mg003

6 CaSO4e2H20 Mg003

7 CaSO4o2H20:CaOO3 CaSO4QZH20:CaCO3

8 Nil NaOH

9 CaSO4°2H20 NaOH

CaSO4,2H20 : CaCO3 mixture in the proportions 0.33 g.
CaS0,.2H,0 : 0.45 g. Ca003/100O g. sand, This supplied
the required amount of calcium and raised the pH to 6.0.

CaCl, and NaOH (50 ml. 0.C4N NaOH/100g. sand)
were added as solutions and thoroughly mixed with each
pot of sand. All other%treatments were added in a dry
form and thoroughly mixed tefore potting.

Plants were harvested after 35 days and primary,
secondary and non-nodulated plants were recorded and
numbers of nodules counted on each plant.

ii. Results. The results are presented in
Table 22,

The main pcivt which emerged from the trial was

that, apart from the NalOH treatment, little effect on
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nodulation occurred from the use of different forme of
calcium or different methods of raising pH, 4 small
calcium response occurred in subterranean clover at pH

5.0 and in lucerne at pH 6.0, The poorer nodulstion of
lucerne in the Ca012 treatment at pH 6.0 can te attributed
to the lower pH (5.84) of this treatment compared with
others,

Where pH was raised by the use of NaOH,
nodulation in lucerne was poor and a highly significant
calcium response occurred. In contrast, little effeect
occurred in subterranean clover. Where NaOH was added in
the absence of calcium, fine organic matter appeared in a
deflocculated state on the surface of the pots, This
disappeared where calcium was added as well,

(e) Pot Trial V.

The depression in nodulation of lucerne by NaQH
in Trial IV and the marked response following calecium
addition suggested that in previous field and pot trials
the Na¥ in the basal Na2HPO402H20 may have induced or
enhanced the responses to calcium nodulation., A pot trial
was therefore conducted in an open-sided glasshouse to
investigate the possitility.

i, Method. The factorial trial included the
following treatments:

SEecies: Subterranean clover and lucerne.



Sodiums Na, = no additional Na.

Na2 = Ha equivalent to 0,093 g.
NaQHPO4°2HZO/1OOO g. sand,

Na3 - Na equivalent to 0.186 g.
NaZHPO4GZHZO/TOOO g. sand,

Calcium: Cao ~ no ecalcium,
Ca1 ~ CasS0 - 2H,0:CaCl, miztura.
Ca equivilent t3 .64 g,
Caco3/@ooo g. sand.

Each treatment was replicated four times, In
two replicates of each sodium treatment the ion was
supplied as Na2804 and in the other two. replicates as NaCl.
Both salts depressed pH and it was necessary tc add a
proportion of the sodium as Na2003 to keep pH constant.
NaCl:NayCOy = 2.56:1,005 Na,80, :NayCOy = 5.34:1.00),

Pot preparation etc. was similar tc that used in
Pot Trial II. The pH of the sand was maintained at 6.5
by the addition of MgCOB, while a normal level of inocculum
was used on the seed.

The pots were sown on September 27th, 1963, and
harvested 24 days later, when three trifoliate leaves were
present on the clover. Numbers of primary, seccondary and
non-nodulated plants were recorded and numbers of primary
and secondary nodules counted on each plant.

ii. ZResults. Results are summarised in Tatle 23,
Neither the level nor the form of sodium applied had any
effect on nodulation. No significant response to calcium
occurred in clover; tut addition of calcium reduced the

percentage of non-ncdulated lucerne and increased the



TABLE 23,

Effect of Sodium on Calcium Responses in Nodulation.

Treatment % Nodulation Nodules/Plant
Prim., Sec. Hon~- Prim.Nod . Plts. Sec.lNed.
nod. Prim. Sec, Plts.
Subterranean Clover.
¥* ¥*

- Ca Ha, 91,7 (1.31) 18,3 (0.21) | © 5,2 4.4 15.5
" Na.,. 91,7 {1.31) 1 8.3 (0.21) | © 4.8 7.0 13.9
" Na 93,6 {1.31) | 6.4 (0.22) | © 5,0 4.4 12,0
¢ Ca T, 87.5 (1.20) h2.5 (0.35) | © 505 5.7 10.8
*  Na, G1,7 (1.28) | 8.3 (0.25) | © 4,5 7.6 15.3
i Na- 5.4 (1.25) pa.6 {0.27) | © 51 5% 14,8
Ha L.S.D. 5% (0.25) (0.30) 1.0 2.3 7.0
1% (0.36) {0.42) o4 3.2 10.2
Ga L.S.D. 5% {0.21) {(C.24) 0.8 4.9 5.7
1% C.29) (0,34 1.1 2,7 8o4
lia x Ca L.5.D. 5% (Go36) (0,42} 104 3.3 9.9
b (0.50) (059} 1.9 4.6 14,5




TABLE 23 (cont.)
Treatment % Nodulation Nodules/Plant
Prim. Sec. Non- Prim.Nod.Plts, Sec.Nod,
nod., Prim, Sec. Plts.
Lucerne.,
- Ca Tay 56.2 (0.84)125.0 (0.51)% 18.8 3.0 1.6 4.6
" Na, 56.2 (0.84) [27.1 (0.54) 16.7 3.6 2.3 4,3
" Na'3 500O (0078) 3906 (0067) 1004‘ 301 2,0 504
+ Ca  Nay 58.4 (0.87) [33.3 (0.60) 8.3 2,8 2.9 6.9
" Na, 62,1 (0.,91) 33,7 (0,61) 4,2 3.2 2,6 5.5
" Na, 56,2 (0.85) |139.6 (0.67) 4,1 2.6 2,9 5.8
Na L.5.D., 5/ (0.17) (0,16) 0.7 1.4 1,3
1% {0,23) (0.22) 1.0 2,0 1,8
Ca, L.S.D. 5% (0,14) (0,13) C.6 12 -0
1% (G.19) (0.18) 0.8 1.6 1.4
Ua % Ca L.S.D. 5% (0.24) (0,23) 1.0 2,0 1.8
1% (0.33) (0.31%) 1.4 2.8 2.5

* Arcsin transformstion.

R¥i
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number of secondary nodules on lucerne plants,

4. Mt. Compass Field Trial I, 1963.

Results from Pot Trial 1II showed that nodulation
responses due to calcium addition in Pot Trial I could
have been masked by depression of pH in the ilt. Compass
sand due to application of GaSO4.%H200 A teuwporary
depression of pH by CaSO4.%H20 addition may also have
occurred in the 1962 Field Trial, and afiected legume
nodulation. A further field trial was therefore conducted
in order to re-examine the Ca-pH~- level of inoculum
interaction on nodulation in iIt. Compass sand, taking care
to eliminate effects of CaSO4°%H20 on the pH of the sand.

(a) Site preparation.

An area adjacent to the 1962 Field Ilrial site
was cleared of scrub, fenced and rotary hoed to a depth
of 2", A bvasal fertilizer dressing identical with that
used in 1962 was applied to the experimental area and
harrowed in.

(b) Treatments.

The trial was of factorial design with four
replicates of the following treatments (Fig.20).

Species: kit. Barker subterranean clover.

Hunter River lucerne.
PH: 5.0

6.0)
g Adjusted with 10gC05.
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FIGURE 20,

Mt, Compass Field Trial I, 1963,
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Calcium: Control Ca
Equivalent of 8 cwt.CaC03/acre Ca,
Inoculum: Normal (x1) In,
Heavy (x1000) In,
Calcium was added as a GaSO4.%H20:CaCO3
mixture (1365 1b. CaS0, .3H,0:100 1b., CaC0y/acre).
Preliminary tests showed that this mixture had no effect
on the pH of the sand. The pH was raised to 6.0 and 7.0
by addition of 7 cwt. and 15 cwt., of MgCO; per acre
respectively. Plots measured 28 x 3 links with fertilizer
treatments applied in a band 2 links wide in a similar
manner to the previous year's field trial.

(¢) Inoculation and sowing of seed.

Seed was inoculated as previously on the
afternoon of May 20th, and a single row of seed was sown
down the centre of each plot on the moruning of lay 22nd.
Each plot was split at random, and 75 seeds of subterr-
anean clover were sown in one half of the row and 75 seeds
of lucerne in the other and covered to the depth of ",

Most seedlings had emerged within two weeks.
Little wind damage occurred to any plots during the

period of the trial.

(d) Harvesting.

Twelve seedlings of each species were removed
at random from each plot on July 15th, 54 days from
sowing. In each treatment, primary, secondary and non-

nodulated plants were separated and primary and secondary
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nodules counted. Harvesting and nodule counting techniques
were similar to those used in 1962,

A further random sample of 12 plants of each
species was harvested from each treatment on August 26th,
96 days from sowing and 42 days after the previous
harvest, and the same nodulation measureuments made. After
being rinsed with distilled water, the plant tops were
retained for dry weight determination and calcium
analysis,

(e) Soil pH measurenents.

Soil samples (0-2") were taken from all plots
on July 22nd for pH determinations. The following
readings were obtained from btulked samples from each

treatment.

Treatment. Actual pH
pH 5.0 Cao 535

" Ga1 5.40
PH 6.0 Cao 6.30

" Ca, 6.25
pH 7.0 an 7.00

" Cay 6.92

Addition of calcium as a CaSO4:CaCO3 mixture had little
effect on pH in the sand. The pid figure for the control
plots was somewhat higher than previous measurements. A
similar figure was obtained on resampling. It is
possitle that local variation in pH way occur at the
trial site, or the pH level way vary 7ith season. Over

20" of rain had fallen at lit. Compass in ths three months



previous to sampling and a soluble organic fraction
contributing to the low pH in the sand could have been
leached out.

(f) Results.

Marked responses in nodulation were obtained to
calcium application, and to the raising of soil pH and
numbers of rhizobia to the seed. In particular, a much
greater calcium response occurred as compared with the 1962
Field Trial, strongly suggesting that some temporary pH
depression by CaS0,.3H,0 had occurred previously and had
partially masked the calcium response. The complete
results of the two harvests, including statistical data, are
presented in Appendices 11 and 12,

i. Level of inoculum, As in previous trials, a

very large response was obtained to the addition of high
numbers of rhizobia to the seed (Table 24).

With clover, a heavy rate of inoculum resulted
in nearly 100% primary nodulation regardless of the calcium
status or pH of the sand. The number of primary and
secondary nodules on each plant was also greatly increased
where heavy inoculum was used. At the normal level of
inoculum a number of clover plants were unnodulated at
first harvest and many more had only developed a few,
small, white secondary nodules, not yet functional or
possibly ineffective. The imgportsnce of primary nodulstion
on early plant growth was illustrated bty the higher mean

yield (24 mg/plant) of primary nodulated clover plants than
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of secondary nodulated plants (20 mg/plant) at Harvest II.
Both had received normal inoculum,

Very few nodules formed cn lucerne where a
normal level of inoculum was appiied to the seed, whatever
the soil treatment. The use of heavy inoculum resulted in
a high percentage of nodulated plants, especially where
the calcium and pH levels in the sand had been raised.

As in Pot Trial I, the number of primary nodules
per plant had a marked effect on yield. At the second
harvest, the herbage yield from heavily inoculated,
primary nodulated clover was 50% higher than from normally
inoculated, primary nodulated plants. It would seem
highly probably that this was due to the greater number of
nodules (and nodular tissue) on the roots of the neavily
inoculated plant. Number of primary nodules and herbage
yield were closely correlated in koth species (Fig. 21).

The number of secondary nodules present on
plants of subterranean clover was affected by the presence
of primary nodules (Tables 24 and 25). Where primary
nodules were present, the number of secondary nodules was
much lower than where they were absent. A siwmilar result
was obtained in Pot Trial I, This feature was unrelated
to size of root system. Generally, the primary nodulated
plants were observed to have developed larger roots than
secondary nodulated plants.

ii. Time. A4s in the 1962 Field Trial a gradual

improvement in nodulation occurred hetween the first and



FIGURE 21.

Mt. Compass:Field‘Trial_I, 1963 - The relation tetween

dry weight of tops and primary nodule number per plant
(Harvest II).
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TABLE 24.
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Effect Qf Level of Inoculum on Nodulation. *

Field Trial I, 1963.

Inoculum

% Nodulation Nodules/Plant Dry Wgt.
Treatment ' Prim.Nod.,
Prim., Sec. Non- [ PrimNod.Plts.|Sec.Nod.|Plts.
nod, | Prim. Sec. |Plts. [(mg/plant)
Subterranean Clover - Harvest I,
‘Normal (x1) | 49.7 35.3 15.0 2.1 2.5 |3.5 8.8
| Heavy (x1000) | 97.4 2.6 0 |4.9 6.0 |- 10.5
Subterranean Clover - Harvest II.
Normal (x1) 62.3 36.2 1.5(2.7 3.8 |5.7 24.2
Heavy (x1000) [100.0 © 0 6.3 9.9 |- 36.7
Lucerne ~ Harvest I,
| Normal (x1) 2.4 0.4 97.2 |- - - -
Heavy (x1000) | 47.2 3.2 49.6 |2.3 0.4 |- 2.7
Lucerne - Harvest II.
‘Normal (x1) 4,1 5.1 90.8 |- - - -
Heavy (x1000) | 69.0 8.2 22.8 |2.9 0.7 |- 8.5

* Mean of Ca and pH treatments, 4 replicates, 12 plants/

replicate,



TABLE 25,

Effect of pH and Calcium on Nodulation of
Subterranean Clover (normal inoculum)

157

Field Trial I, 1963.
Treatment % Nodulation Nodules/Plant
ST Ierim. Sec.  TNom- | Prim.Nod.Plts, | Sec.Nod.
nod, Prim., Sec. Plts.,
Harvest 1.
pH 5.35 Cay | 35.6 20.2 44.2 1.5 0.8 2.3
 cay | 48.4 391 125 | 2.4 1.7 3.0
PH 6.30 Cag | 44.1 37.4 18.5 | 1.7 1.4 2.4
Caq | 53.7 40.5 5.8 2.4 4.2 3.9
H 7.00 Cay | 52.6 38.2 9.2 1.6 2.2 3.8
Ca, | 63.5 36.5 0 | 2.9 4.7 | 5.8
Harvest 11.
| PH 5.35 Cay | 52.6 40.8 6.6 2.5 1.0 3.0
Cay | 61.9 38.1 0 2.8 4.5 5.7
pH 6.30 Cay | 60.6 37.1 2.3 2.1 4,0 4.5
| Cay | 72.1 27.9 0 3.2 4.8 7.5
pH 7.00 Ca, | 57.0 43.0 0 1.9 3.6 5.2
| Ca, |69.6 30.4 0 | 3.9 4.8 8.0
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AW

second harvests (Tables 24 and 25). In clover, nearly all
normally incculated piants vere aodulibed 25 second

harvest, although little change ceccurred in ancrmally

inoculated lucerne, vhich was poorly nodulated at toth

harvests., It is probable that Rhizobium wmeliloti added in

the normal level of inoculum had failled to survive and

multiply. This was supported by R. meliloti survival

trials carried out in a growth room and reported later.

I'ne numeer o¢f nodules on uodulated plants of toth
species increased consideraily between Harvest I and
Harvest II, especizlly secondary nodules formed on lateral
roots.

iii. pH. The main pH response in subterranean
clover was ottained waen the level was raised to 6.30,and
only a small further response occurred at pH 7.00(Taktle
25). The percentage of ncdulated plants was increased, and
nunbers of primary and secondary nodules rose slightly out
produced no consistent increase in plant yield., 1The use
of heavy inoculum resulted in 100 primary nodulztion
whatever the pil.

The pIl respouse in lucerne s wmuch greater than
in clover and the propertion of priuwary nodulated plants
increased sharply from pH 5.35 to 6.30, with a further
increase at pH 7.00 (Tfable 26). <The number of primary
nodules on each plant was alsc increased when pH was

raised.



TABLE 26,
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Effect of pH and Calcium .on Nodulation of Lucerne

(heavy inoculum)

FPield Trial I, 1963,

Treafment

PH 5.35 Cag
pH 6.30 Caq

PH 5.35 Cao
‘pH 6.30 Cag

pH 7.00 Ca,

% Nodulation Nodules/Plant |Dryvet. Tops
Prim. Sec. Non- | Prim. Nod. Fits, gﬁtﬁgdo
riod . Prim, Seec. |Plts,
Harvest I.
6.1 0  93.9 | - - -
56.5 2.1 41.4 | 2.1 0.1 2.5
46,2 0  53.8 | 1.6 0.9 2.5
62.2 Ts7T 30,1 2,7 0.2 2.7
441 7.5 48.4 | 2.2 0.3 3.1
67.8 2.1 30.1 | 2.9 0.4 2.8
Harvest II.
32,1 0 67.9 | 2.0 0.1 7.6
76.4 10.3 13.3 3.3 0.7 9.7
63,2 8.9 27.9 2.5 0.7 B
79.4 10.5 10,1 | 2,9 0.7 7.9
71.8 16,6 11.6 3.2 0.9 8.3
91.0 3.1 5.9 3.5 1.3 10.6
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iv. Calcium. In both subterranean clover. and
lucerne the most striking respounses to calcium occurred
at pH 5.35 although significant responses also occurred at
PH 6.30and 7.00. In clover, where the response was greater
at the lower level of inoculum, the percentage of primary
and secondary nodulated plants and numbers of primary and
secondary nodules per plant were all increased by addition
of calcium (Table 25). At the higher level of inoculun,
100% nodulation occurred whatever the calcium treatment,
but calcium application increased the numbters of primary
and secondary nodules per plant. The increased numbers of
nodules where calcium was applied did not result in a
consistent increase in dry matter yield of subterranean
clover at either harvest.

In lucerne, the response tc calcium occurred at
the higher level of inoculum only, as nodulation was
uniformly poor with normal inoculum (Tacle 26), The
effect occurred wainly as an i1ncrease in the percentage
of primary nodulated plants and in the number of primary
nodules per plant. At the second harvest a 25% increase
in yield of primary nodulated lucerne was measured where
calcium had teen added. This increase in yield was probatily
associated with the increase in primary ncdule number.
ﬁodulation was poor at pH 5.35 excspt where calcium had
been applied.

A marked pH x Ca interaction occurred in both

species. Almost the sawe percentage of primary nodulated
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plants could te obtained ty either adding calcium to the
sand or raising the pH to 6.30. Where toth the pH and cale-
ium levels in the sand were raised percentage primary
nodulation rose still further.

The level of calcium in the tops of the two
specles was more than doutled on addition of calcium to
the sand (Table 27). Where no calcium was applied, the
level of plant calcium was low, prcbably bordering on
déficiency levels, especially in lucerne, although it
tended to increase with increasing pH. The likelihood
of calcium being near deficiency levels for plant growth
in the virgin sand was. further supported by a 33% yield
response in non-nodulated lucerne to addition of calcium
at pH 5.35 (Table 28). No corresponding comparison for
subterranean clover was obtained due to atsence of non-
nodulated plants. The yield of non-nodulated lucerne was
also higher at pH 6.% than at pH 5.35. This may have been
related to the increase in caleium level of the herbage
which occurred at pH 6.30,

TABLE 27.
Percentage Calecium in Tops* - {Harvest II)
Field Trial I, 1663,

Treatument Sub, Clever Lucerne
PH 5.35 Ca, 0,78 0.46
Caq 1,72 1.52
PH 6.30 Cag 0,88 0,63
Cay 1.66 7,70
PH 7.00 Ca, 0,96 0,75
Ca 1,79 1,74

¥ Mean of two inoeculum levels.



TABLE 28.

Effect of calcium cn yield of non-nodulated
lucerne - (Harvest II),

Field Trial I, 1963,

Treatment % Ca in Tops Yield (mg/plant)
PH 5.35 Cao 0,32 1.8

Ca1 1.43 2.4
pH 6.30 Ca 0.65 2.4

Ca, 1,57 2.7

5. Root hair - nodulation studies; MNt. Compass sand.

(a) Root hair measurements.

In the water culture trials calcium and pH had
a pronounced effect on root hair development in subterr-
anean clover and lucerne, and it was concluded that they
way well affect nodulation by this means. In the fellowing
study the effect of calcium and pH on root hair development
in Mt. Compass sand was examined to ascertair whether
similar effects occurred there.
i. Method. Twelve pots of lit. Compass sand
were prepared, using the method described in Pot Trial II,
Four soil treatments were used, each replicated three times.
Calcium: Cao and Caz - Ca added as a Ca8049252020a003
mixture as in Pot Trial II,
PH: 5.00 and 6,35 - pH raised by the addition
of MgCO3°
The trial was conducted in an open-sided glass-
house. OSeed of both subterranean clover and lucerne was

sown in every pot on October 9th 1963 and thinned soon



after emergence to 6 plants of each speciez per ook,
After 8 days, when clover and lucerne taprocsts averagad
7 and & cm respectively in lengtn, the sand was very
carefully washed away from the roots with water. IThe
taproots were examined for root hairs, which were scorad
for length and density using the wethcod descritad
previously for plants grown in water culture.

ii. Results. Hoot hairs on toth spsciss ware

more profuse than in water culture, and covered most of

the taproot. The careful removal 2f ssedlings frow ths

sand resulted in little wisibles dauage to the halrs., The

results are presented in Tehle 26,

In subterranean clover, root hair lengih and
density were unaffected by caleium treatment, tut Lotk
were greater where pH had been railsed. Tith lucsing,
however, root hairs were generally shorter and iess
numerous at pH 5.C and in the absence of calcium than in
any other treatment. Addition of calecium or a rise in pH
resulted in a marked improvement in both length and
density of hairs, tut no further response was visible whers
calcium and pH levels were coth raised. The usen leagth
of lucerne taproot with hairs of BGOP or mare in lengt
increased nearly 50%, fromw 2.6 ecm %o 4.8 om. when calcium

was applied. Although the length of root heirs was

o

comparable on toth species, roct heir Jensity was wmuck

,,
(

greater on subterrancan clover than on LuUCErne.



TABLE 29.

Effect of Calcium and pH‘Level on Root Hair

Development in Mt, Compass Sand. *

Treatment Subterranean Clover » Lucerne
Length of Mean Scores Length of Mean Scores
Taproot Root hair Root hair|Taproot Roo%t hair Root hair
{cm) length density (em) length density
5,00
Car, {45 2.48 2,10 8,22 2,26 1.35
Ca% £.16 2.49 2,03 T.87 2599 1.02
pH .50
ﬁa% {04 2,51 2,22 8.47 2.65 155
Ce., 6,6 2054 2.27 8,12 2,97 1.67
L.3.D, 5% UoT3 C.08 .20 0.72 G20 0.48
156 1,09 Q.2 0,43 L .09 Uod3 Go7i 2

# Hean of
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(p) Nodulation studies.

The results from the studies of root hair
developmens in Mt. Compass sand suggesied that, in lucerne
av least, nodulation responses to improvement in calcium
and pH status of the sand may be related to effects of
calcium and pH on length and number of root hairs,
Evidence has already been presented to show taat this
relationship may exist when plants are grown in water
culture. In order to obtain further evidence on the
importance of this relationship in Mi. Compass sand, a
nodulation trial was designed to re-examine the effects of
calcium and pH on nedulaticn in combination with root hair
studies, but eliminating the eifscts of Kaizobium numiers
by supplying high levels in all treatmants.

i. Pilot experiment. At pil 5.0 multiplication

of rhizobia is likely to be poor, but could be rapid =%
higher levels. DBecause of this, high aunbers in the sand
are essential at low pH, if the bacterial numbers are to
te non-limiting in nodulatien., In addition, high numbers
wust be present in vhe rhizosphere of alil plants, and this
may te difficult to achleve in ordiuvary %" pots containing
several plants., Mt. Cowpass sand could also act as a
filter, preventing movsment of btweteria o tne bottom of
the pot 1f they were suviace applied.

Because of the above probisms, o vilot trial
was 2onducted to rind 2 way bto maiantain high oacterial

numbers in the rhizosphere of seedlings, in 2ll treatments.



A number of polythene tubes 6" long and 1" in diameter
(Fig. 22) were selected in preference to the 5" pots used
in previous trials. Each tube held 115 g of sand and was
designed to grow a single plant which could e suppiied
with a known number of tacteria. A 3f16" plastie (P.V.C,)
tube entered each coatainer halfway down so that some
rhizobia could te introduced to the lower part of the root
system, Nylon cleth secured to the base of each tube
allowed free drainage but prevented sand from escaping.
Each tube was placed in a glass jar o catch leachate from
the sand.

Basal macronutrients were added to the dry sand,
and wicronutrients were added to each tube in 28 ml of
water., All basal nutrients were added at rates similar
to those used previvusly. Two soll treatments were
applied. Half the ftubes contained sand at pH 5.0 without
additicnal calcium, while the rest contained saand where
the pH had been raised to 6.5 with 1gC0O, and calcium added
as the usual CaSO402H£OsCaGO3 mixture, Three levels of
inoculum were used, each replicated € times, making a
total of 36 tubes of each species.

After scwing, the tubes were transferred to a
controlled envircnment catinet withk a 14 hour day length,
and day and night temperatures of 209 and 19% respectively
The light intensity at plant level was 4,000 Ffoot-candles.

Five daye frowm scwing all plants had emerged and

inoculum treatments were coummenced, Cultures cf Rhizckbiuw

Y
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trifelii and R. meliloti were thoroughly shaken each with

50 ml of distilled water. Plate counts revealsd that

71 x 109 B, trifolii and 156 x 10% R, meliloti were present

in the respective cultures. Aliquots of the suspensions
were taken to supply the following numbers of bacteria to

each tube.

R, trifclii R. meliloti
In, 71 z 10° 156 % 10°
In, 71 % 107 156 x 167

4 ] 8 E - ﬁn8

Each suspension was made up to 20 ml with
distilled water before being addsd tc the tube., Abousn
10-15 wl percolated through the sand into the receptable

below. As a check on whether the bacteria were moving

3

completely down the tube, samples of the first day’'s
leachate were tested for presence of rhizobia., Three
0.5 ml aliquots were removed frow sach leachate and added
to test tubes containing sterile plants of the appropriate
species. Oterile clover and lucerne seedliugs were grown
in nutrient agar and dilute nutrient solutlion respectively.
After 7 days all test tubes contaired nodulated plants,
indicating that rhizobia were moving ccwmpletely through the
sand and were likely to te in contact with all parts of the
rhizosphere.

Suspensaions of tacteris were added to the tubes
on each of the fellowing four days, in 20 ml of sonlution

made up ¢f tThe previous day's leachate and distilled water.
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Three-quarters of the bacteria were added at the top of
the tube, ctut a quarter were added halfway down, via the
small plaétie tube,
Leachate from tubes sand
brown in colour, probably due
but was quite clear from sand
aised. ©pH readings from the tw

centaining acid
to dissolved organic watter

there the calcium and pH
0 leachates

levels had been r

iffered considerably
pH 5.0 CaO -  pH 6.50
pH 6.5 Gaﬁ = pH 7.25
No pH differences cacurred betwesu the leachates from the
two species, or between the three ievels of inoculi
A week after inoculum was Tirst added all plants
were harvested and nodules counted. By this time, the
unifoliate leaf on each plant was fully developsd and the
first trifoliate leaf had appearsd on sowe plants.
ii. Results. Nodule numbers were veriable from
piant to plant in any one treatment and as many as 37
nodules were counted on subterranean clover seedlings.
ach level of incoulum

In subterranean clover,
In lucerne cn the other
of

was satisfactory for nodulation.
ation wias poor at the low leval
ies.

at

nedwl
0% of the plants formed nodu
t0 increase

hand at pH 5.0,

inoculum, and only
Nodule numvbers in lucerne tended
the high pH and calcium levels (Table 30},
iii. Main experiment. An intermedi level of
(71 = 107 R, trifolii ana !

56 x 10" R, |

fude

inoculun
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TABLE 30.

Nodules per plant (msan of 6 plants).

P—

Treatment Sub. clover Lucerne.,

pH 5,00 Cagy In, 15,8 1.3
In, 4.6 6.5
In, 12,0 7.5

pH 6.35 Cay In, 13,0 10.3
In, 24,8 4,0
In3 i7.0 8.5

per tube per day) was used to supply maximum bacheria in a
further investigation of nodulation and root hair develop-
ment in the sand. A technique similer to that dsscribed
for the pilot trial was used, with similar pH and calcium
treatments, but replicated 12 times.

On the day the initial suspensions of inceulum
were added to the tubes, six seedlings of sach treatment
were examined for root hair dsvelopment. Thess seedliings
had grown in 5" plastic pots beside the tubes in the
cabinet,

iv. Resulfs. The wean length and density of
root hairs on the taproots of both species was increased
where calcium and pH levels had vesn raised. The improve-
ment was greater in lucerne than in clover, +Table 31},

Nodule numbers were also increased in beth
species where caleium and pH leveis were raised, although
variation in nodule number from plant tc plant within

treatments was considerable {Takie 32},
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TABLE 31,
Mean Scores of Root Hair Length and Density.
Treatment Sub, Clover D Lucerne ‘
Length Density Length Density
PH 5.0 Cag | 1.95 2.09 1,88 .29
pH 695 Ca, 2,38 2,33 2.47 1,95
TABLE 32,
Nodules per Plant.
Treatmeﬁt} Sub, élovérnwh?? Lucerne
pH 5.0 Caq 10,6 3.7
PH 6.5 Cay 15,1 6.5
Significance PL 1% P<i%

Percentage nodulation of clover at pH 5,0 was
good even though there were fewer nodules per plant than
at the higher pH. In contrast, six of the eleven lucerne
plants at pH 5.0 had only cne or two nodules on their
roots, many fewer than at nearer opbtimum pH and calcium
conditions.

v. Investigations of root hair develovment and

nodulation using a transplanting technigue, Seedlings of

clover and lucerne were grown for 4 days in ¥t. Compass
sand. Adjustment of pH and calcium levels induced
differences in root hair developument. The plants were
thien carefully transplanted into €Y plastic tubes all
filled with acid, untreated sand, and a high level of

inoculum was addsd. However, considerzble damage occcurred
9
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t0 root hairs during transplanting and no clear-cut
results were obtained,

6. Discussior of Results.

Mt., Compass sand proved to be an excellent
wedium for the study of the effect of soil calecium, pH
and level of inoculum on nodulation of subterranean clover
and lucerne. Large responses to varying of all three
factors were ottained. Parallel results were obtained
from pot and field experiments, although responses to
calcium were lower in pots than in the field,

Separation of pH and calcium effects on nodula~
tion by raising pH with Mg003 and adding calcium as
CaSO4o%H20 was not straightforward. Depression of pH in
the sand by CaSO4°%H20 in the 19562 Pield Trial and Pot
Trial I may have masked calcium responses and Ca x pH
interactions in nodulation. In Pot Irial I a significant
demression in nodulation was measured where CaSO4°%H20
was added., Consequently, only the 1963 Field Irial
provided a complete picture of calcium, pH and level of
inoculum responses and interactions. However, it is
unlikely that Mg603 and CaSO4 had any side effects other
than the effect of GaSO4 on pH., In Pot Trial IV, the use
of other forms of calcium (GaGlzg CaCOg) and other means
of raising pH (NaOH, CaCOS) showed no significarnt
difference from the standard method in nodulation of cloven
but significant differences due to addition of Ga012 and

NaOH wesre measured in lucerne. The poorer nodulation of
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lucerne at pH 6.0 where CaC12 was used to supply calcium
was probably due to the lower actual pH (5.84) in this
treatment compared with the others. The addition of
NaOH in the absence of calcium also depressed nodulation
of lucerne in this trial. In this case, the high level
of sodium probably hindered the uptake of calcium ions by
the lucerne  resulting in poor nodulation, and an
improvement when calcium was added. A further pot trial
(V) indicated that sodium at the level present in the
basal NaZHPO4°2H20 Tertilizer was unlikely to be increasing
the nodulation responses to calecium addition, as no effect
of three levels and two forms of sodium was measured on
nodulation,

The apparent pH of a soil, as determined
electrometrically on a paste or suspension of the soil
made up with water, depends on the salt concentration in
the solution and alsc on the amount of water added to make
this suspension. With a material such as Mt. Compass sand,
which disperses very poorly, it would seem more meaningful
to measure pH on a paste which approximates to moist field
conditions, and this was done in all trials. It is well-
established (Russell, 1961) that sddition of a salt to a
s0il results in a decrease in the hydrogen ior concentra-
tion gradient across the double layer at the soil colloid
surface, with a consequent fall in pH of the solution.

If rhizobia exist in the solution, and the pH is lowered

by addition of a salt such as GaSO4o%H?O, then it may be
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expected that the fall in pH would depress multiplication
of the bacteria and consequent nodulation. This is likely
to have occurred in the 1962 Field Trial and in Pot Trial.
I, but was countered in later field and pot trials by :
adding a proportion of the calcium as CaCO3 to act as a
neutralising agent.

Nodulation of both species was more affected by
level of inoculum on the seed than by either calcium or

pH level in the sand. Rhizobium meliloti was completely

absent in the field and in the 19€2 Field Trial lucerne
failed to nodulate when uninoculated seed was used even
where calcium and pH levels were hoth raised. Although

R, trifolii was present in the field, numbers were

probably quite small, and the strain possibly of lower
effectiveness than that used as inoculum. Nodulation of
clover was poor and delayed, and few large primary
nodulated plants developed where uninoculated seed was
used. The difference in occurrence of the two Rhizobium
species in the unamended sand is probably due to the

greater acid tolerance of R. trifolii, already noted by

Jensen (1942) in water culture and by Greenwood (1964) in
the field. In New Zealand, according to Greenwood,

R, meliloti are absent from most soils, but R, trifelii

are much more widespread and are only absent on acid
soils where pasture legumes have not grown previously.
In the 1962 Field Trial, application of inoculum

to the seed at sowing resulted in a marked improvement in
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nodulation, especially where high numbers of bacteria were
used. The effect of heavy inoculuw on seed was very
considerable in all field and pot +Trials where it was used
as a treatment. In subterranean clover, 100% primary
nodulation could bte achieved with heavy inoculum, whatever
the calcium or pH status of the sand, although an increase
in nodule numbers per plant still occurred where calcium
or pH levels were also raised. Where a normal level of
inoculum was used, many clover plants did not form
nodules initially btut secondary nodules formed later,
Nitrogen fixation in the secondary nodulated plants is
likely to have commenced later than in those plants with
initial primary nodules, Consequently, the primary
nodulated plants were larger and darker green, and were
significantly higher in dry weight and percentage nitrogen
(Pot Trial I). In the 1963 Pield Trial the difference in
dry weight between primary and secondary nodulated plants
was still evident when a harvest was made 14 weeks from
sowing.

In lucerne, when a ncrumal level of inoculum was
used, nodulation was generally poor, probably due to rapid
death of rhizobia in the sand before the szed germinated.
Good nodulation was achieved only with heavy inoculun,
although nedulaticn also depended on the calcium and pH
status of the sand. For example in the 1963 Field Trial,
when neither calcium ror pH levels were raised, nodulation

was poor even when high numbers of bacteria were used,
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Dry matter production of both species not only
depended on whether or not primary nodules were present on
the roots, but also on the number of these nodules. Where
the number was increased, by increasing soil pH or the
level of inoculum, or {(in lucerne, in the 1963 Field Trial)
by addition of calcium, herbage yield was greatly
increased. In Pot Trial I with clover, and in the 1963
Field Irial with both species the number of primary
nodules and yield of dry matter per plant were closely
correlated. Hely, Costin and Wimbush (1964), from field
work in the Snowy Mountains, found that there was a close
association between number of early-fcrmed nodules and dry
weight in white and alsike clover plants.

Environmental factors at Mt. Compass probably
contributed tc the close relationship between primary
nodules and dry matter production. Soil nitrogen is
extremely low, and the plants rely for their early growth
largely on nitrogen fixed by primary nodules which form
directly from inocuium on the seed. Free living rhizobia
are almost completely absent and in the field multiplica-
tion of bacteria from the incculum may bte slow in the
unfavourable environment of low winter temperatures and
coarse sand which easily dries cut. In addition it was
observed that secondary nodulation was inhibtited by the
primary nodules on the plant, & phencomencn already closely
studied by Nutman (1949) and Dart and Pate {(1959),

Consequently, the dominance of the primary nodules in
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nitrogen fixation prokably continued for a much longer
period in Mt. Compass sand than in other situations, even
though nodulation in both species improved considerably
with time.

Several workers {(Spencer, 1950; Jenkins,
Vincent and Waters, 1954; HMulder and Van Veen, 1960)
have obtained marked improvement in nodulation in acid
solls where the level of inoculum was increased. Sears,
Hyde and Greenwood {1955) who worked on pumice soils in
New Zealand found that an increased level of inoculum
improved the mean weight of ncdulated white clover plants,
as well as the proportion which became nodulated. Hely
(1964) in field experiments on the Southern Tablelands
of New South 7ales, obtained increases in both survival
and dry weight of subterranean clover plants when inoculum
level was raised. None éf these workers recorded the
effect of level of incculum on nodule number, however,
and this work is among the first critical studies of the
inoculum size-nodule numter relationship to have been made
under field conditions.

Where pH was raised to near 6.0 a considerable
increase in percentage nodulation and nodules per plant of
both species occurred in all trials. VWhere the pH was not
raised, nodulation of lucerne was poor unless both heavily
inoculated seed and (in the 1963 Fisld Trial) calcium
fertilizer were used, Little further response occurred in

clover when the pH was raised from 6.0 to 7.0, but
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nodulation in lucerne was consistently better at the
highest level, toth in Pot Trial III and in the 1963 Pield
Trial. In Pot Trial I, the improvement in number of
nodules per plant where pH had been raised was parallelled
by an increase in herbage yield of both species, but this
response was not evident in the field.

Calcium responses were greater in sand where the
pH had not been raised, especially in subterranean clover.
Addition of calcium improved both percentage nodulation
and the number of nodules on each plant. However, the
higher number of ncdules was not associated with an increase
in dry wmatter yield, except in lucerne in the 1963 Field
Trial, where increases occurred. ‘/here no calcium was
added to the sand, the level of calcium in the plant was
low, probably btordering on deficiency levels, but was more
than doubled in the 1963 Field Trial when the equivalent of
8 cwt. CaCO3 was supplied. Uninoculated lucerne in the
same trial increased in yield where calcium was supplied.
This suggested that soil calcium was insufficient not only
for nodulation but also for plant growth, particularly in
lucerne.

Andrew (1960), after carrying out pot trials on
a low humic calcium—=deficient sand in Queensland, suggested
that 1.00% Ca was the critical level for optimum growth of
white clover. Later trials on this soil {Andrew and
Norris, 1961) showed that the calcium level in lucerne was

0.89% when 2 cwt., of GaCO3 was applied per asre, but
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attained 2.10% when a ton of CaCO, was added. In the
1963 Field Trial, in the absence of calcium, plant calcium
levels were less than 1.00% in both species, and were
lower in lucerne than in clover. In pot trials, however,
calcium levels were much less than in the field, and were
below 1.00% even when calcium was added. This difference
was possibly because plants in pot trials were harvested
at a much earlier stage of growth. Calcium concentration
is known to build up with time in subterranean clover
(Millikan and Hanger, 1964).

Results from the 1963 Field Trial indicated that
comparable nodulation in either species could be achieved
by either adding calcium to the sand or raising pH. Where
both calcium and pH levels were raised, nodulation
increased still further. This interaction between calcivm
and pH in nodulation confirms for field conditions similar
findings in sand (Albrecht, 1933) and water culturég€ §;[bf
(Loneragan and Dowling, 1958).

An important factor to be considered is the mode
of action of calcium and pH on nodulation of the two
species. Calcium is likely to have had its effect through
the plant, as Vincent (1962b) has shown that the level of
calcium required for growth of Rhizobium is low, and
sufficient of this element for growth of rhizobia was
probably supplied from the soil. On the other hand, pH
is likely to have had a considerable effect on survival

and multiplication of the nodule bacteria in the sand, and
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much of the response obtained from raising pH has probaﬁxj
been due to increased bacterial populations in the sand
and/or rhizosphere. Supporting evidence for this was
obtained from rhizosphere colonisation tests with_lucerﬁé; i:
reported in Section C. Here, at a normal level of | .
inoculum, only about 15% of plants grown at pH 5.0 had
rhizobia present on their roots, but nearly 50% of thé 
plant roots were colonised at pH 6.5,

Nodulation could also have been affected by pH -
effects on the plant; for example, the effect of pH on
uptake of calcium, or on root hair development. In thél;
1963 Field Trial, calcium uptake was increased in both
species where the pH of the sand was raised from 5.35 to
6.30 and further, to 7.00. This effect of pH on calcium.
uptake is well-known, and was demonstrated in water |

culture trials reported in Section A, as well as by a,,‘ ;v"’

number of other workers (Albrecht, 1933; Arnon gjngl;;  L.‘
19423 Arnon and Johnston, 1942; Loneragan and D;wliﬁg, ”.ﬁwﬁ;
1958, Jacobson et al., 19603 Waisel, 1962). Loneragan “
and Dowling (1958), in water culture experiments, suggeste&?[f
that the main effect of pH on nodulation of subterranean ‘
clover was through its influence on the level of calcium
in the plant; +this effect could also have occurred in the
1963 Field Trial where an interaction was recorded between
calcium and pH on nodulation.

Root hair studies showed that in lucerne, an

increase in the calcium or pH levels of the sand resulted
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in a considerable increase in rocct hair length and density.
If infection occurs mainly in recot hairs ISOP or more in
length in this species, as observed by Thornton (1936},
then improvement of the calcium and pH status of the sand
may well provide many more sites for infection and thus
increase nodulation.

In clover, little difference in root hair
development occurred between treatrents, Responses to
calcium and pH in the field were less in clover than in
lucerne, and if their effects on nodulation were in part
through root hair development, then observable differences
in that development would te less than in lucerne and were
possibly too small tc be picked up bty the scoring techniqusa.

Contrclled environment studies compared roct
hair development and nodulation iﬁ sand at pH 5.0 without
added calcium, and in sand where both calcium and pH
levels had been raised. ZEffects of pH on rhizobial
survival and multiplication were eliminated by daily
application of high numbers of hacteria. Here, improve-
ment in caleium and pH levels caused increases in roct
hair length and density of 31% and 51% raspeactively in
lucerne, and 22% andi 11% respectively in subterranean
clover., OSimilar incresass occurred in the number of
nodules per plant; 76% in lucerne and 42% in clover.
These results again denmonsitrate the possible association
between calcium and pH, root hair develcpment and

nodulation.
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As in the watver culture trials, a marked
species difference was evident in the it. Compass nodula-—
tion trials. Lucernc rsquired a higher pH and salciunm
level in the sand and a higher level of inoculum on the
seed for nodulation than clover. Although well-grown
clover plants developed in the field, lucerne piants, even
those which were well ncdulated, were small and unthrifty
and nearly all died in the following summer drought.

The differences in nodulaticn between the two
legume species can be partly accounted for by differences
in their root hair development. In clover. where no greab
differences in rcot hair development were observed betwean
calcivum and pH treatments, the lamiting factor was probabiy
the number of rhizohia present in the rhizosphere, and
near maximum nodulation could te achieved bty use of high
nuntcers of btacteria on the sesed. Vhere normal inocsulum
was used, however, tacterial numbers were somswhat limiting
especially at low pH, and an incrszse in the number of
sultable rcot hair infesticn sites by iwprovement in the
calciun and/or pH level in the sand resulted in increassd
nodudiation. On the other hand nodulation in lucerne was
probably limited btoth by the number of rhizobiza present in
the rhizosphers and nuwber ¢f root hairs suitable for
infection. Ccnsequently, only at a high level of inoculum
were bacteria present in sufficient numbers for nodalation
to occur. However, at low pH and without caleium, roeob

hairs were shert and therefore unsuitabls for infectiong
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they were relatively sparse, and nodulation was poor.
Good nodulaticn of luserne occurred only when root hair
development was improved by improvement ir caleciam or

PH level; and a high level of incculum was used as well.



C. Rhizobium Survival Studien in v, Uecrpaas Sand,

The field and pot wtudiaca 7 nodulavion and
growth of subterranean «lovayr ard “uosens in MY, Comdass
sand showed that improvements in ths Level of saleium, pH
and inoculum were hecessary Tor jwvroral rodolation.
However, a number of problems remained, in particular
concerned with inoculum level, finizobivam survival, and
practical methods of applying lima, Farther investigations
of these aspect? were carriad ovur,

In previocus experimouts whars & nermal level of
inoculum had been used nodulatisn »f lncoserne was Door,
even where calcium had been supriiei ts the sand and low

facstryea nther -than soil

PH corrected. This suggeatsi thaz

PH were affecting‘nodulationy pessinly through poor

("J

rhizobial survival on the geed, cr poor coclonisation of,
and multiplication im, the rhizosprers. Studles were
therefore undertaken to invast tauta ta atfects of soil
sterilisation, low temperatures, aul seed peileting on
Rhizobium survival and o¢n ascdelaticn in ihe sand,

Only two levels of irnoccsl=m had poén used
previously on séedo Although the nign Tevel had glven
very large nédulation respenzes, ~leawsr dsfinition of the
effects of increasing levelis of incceglum over a range of
yalueﬁ‘was necessary, both from 2 thacpetical viewpoint -
and also because of the bearing on practical seed
inoculation. A field trial was theret:prs deaigned to taess

the ‘eff&éts of varying leveis of iroaulow on rodulation

-
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and establishment. The effects of two liming treatmerts
were also examined in order to obrain informaticr -u
practical methods of raising pH and supplying celcium in

Mt. Compass sand.

1. Soil Sterilisation Trials,

Evidence that "microbial antagonisu® wmey nrevens
rhizobia in the incculum frowm mult plying in soil and
colonising the rhizosphere of legumes has been pot forward
by several workers, and relevant psvers have already besn
reviewed. The possibility of “wmicrobizl sntagorisud
affecting nodulation &t Mt. Compass ciald not e over-
looked, in view of the poor nodulation oblained with norusl
inoculum on lugerne seed, and the demnnstreticn of the
presence of a "toxin® in ths sand by J.E. Harrus of
C.8.I.R.0. Division of Soils iprivste comm.). & zsries of
80il stverilisation trials wers laid down w0 investigare
the possible existence of an antagonistis micrsbial
population in the sand.

(a) Field trial, 1962,

An area at Mt., Compass sulticient for sixteen

28 x 3 link plots was given & hasal

[
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followed by a GaG,“LGaSO4Q~H O wmixture eguivalent to
12 cwt, Gaﬂﬁg per acrs, applisd &n a 2 link wide edrip
to each plot, and raked in., Tl wixiure was sxpected t2
raise the pH to 5.2 but from experisnce in other 1riala
probably raised it to nearsr T.U., Eighs of the 14 plots

were sterilised with formeliun at the raite of 1 gal,
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4% formaldehyde per square yard. Normally inoculated
lucerne and subterranean clover seed was sown in separate,
single rows in each plot on June 12th 13862, 25 days after
application of formalin. Unfortunately, sand blast
destroyed most seedlings soon after emergence, so the
plots were resown on Juiy 17th. Sand blast again caused
widespread damage and no harvest was attempted. At
inspection in December 1962, it was noted that some of the
éurviving plants had made good growth, but no response to
formaldehyde application was visitle, |
(b) Pot trial, 1962.

A pot trial was prepared with the following

treatuments.
Species: ' subterranean clover and lucerne.

Sterilisationé control, formaldehyde, and steam,

‘ - The trial, of factorial design, was replicated
18 times. The 4" diameter, cylindrical pots were each
filled with 1300 g. of Mt. Compass sand, to which had been
added a basal fertilizer dressing similar to that used for
.thé field trials, and a CaCOB:CaSO4O%H20 mixture (0.80 g.
and 1.63 g./1000 g, sand respectively) to raise pH to 7.0
and supply calcium.

After all pots were waterad, 36 were autoclaved
for 1 hour and a further 36 received 44 ml. of 4% formal-
dehyde per pot (equal to 1 gal./sq.yd.}.

" On.June 12th (21 days after formalin was added)

eighteen pots of’each sterilisation treatment were returnad
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to Mt. Compass., 4" diameter cores wsre removed from ,
prepared plots and replaced by the potted soil (without
pots), in which was sown normally inoculated subterranean
clover or lucerne seed. On June 13th, seed was scwn in the
pots still retained in an open-sided glasshouse at the
Waite Institute.

Three pots from each treatment in the glasshouse
trial were harvested 36 days from sowing, and the final &
pots. 41 days from sowing. The percentage of nocdulated
plants, number of primary and secondary noduleé per plant
and dry weight of tops were all measured, No significant
response to treatment was found, and all plants were wall
nodulated (Table 33).

| ’ - TABLE 33.
Effect of soil sterilisation on nodulation.

Glasshouse pot trial.

| Treatment | % Nodulatiom | Nodﬁieé/Plant
Clover Lucsrne | Clover Iucerne
. , . |Pram. Sec, Frim. 3eq,
Control ~  [100.0 100,0 [2.9 15.3 . t.i  4ub]

Steam 100.,0  100.0 [2.Q. 17.7 0.8 5.2
Pormaldehyde | 100.0 100.0 [2.0 10.6 0.8 ..4.6..

13

Mean of 6 replicates. e

, Txh;ee,”pots@ of each treatment from Mt. Compass
were harvested 35 days from sowing and a further 6 *pota™
harvested 84 days from sowing. Similar measurenents to ..

those .carried out in the glasshouse trial were made, and
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no responses to sterilisation occurred. Nodulatiocn of L)
clover was good, but a number of plants in all the lucsrne
treatments were unnodulated,

(¢) Pield trial, 1963.

Twelve 9' x 3' plots were topdressed with the
usual basal fertilizer dressing and 10 cwt./acre of fine
CaCO3, in preparation for a further sterilisation trial at
Mt. Compass in 1963, Three treatments were applied, each
replicated four times.

Control.

Formaldehyde: 1 gal. 4% formaldehyde/sq.yd.

"Vapam" : (NaN-methyl dithiocartamate dihydrate

CH3NHC(S)SNa°2H20)

142 ml. of 32.5% a.e, per 8Q.yd., in

1 gal. water.

The two sterilants were applied on June 21s%,

and 75 normally inoculated seeds of each of subterranean
clover and lucerne were sown in separate rows in each plot
on July 14th. Twenty plants from each row were harvested
on August 28th and examined for nodulation. Nc difference
was found between control and formaldehyde treated plots.
A number of lucerne plants lacked nodules in both treat-
ments. No plants of either species were nodulated in the
Vapam—treated plots and root development of the seedlings
was poor. It was concluded that residual vapam was still

present in the sand at sowing and had caused these adverse

effects.
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2. Lime Pelleting Trials,

Root nodule bacteria are particularly susceptible
to death by desiccation (Vincant, Thompson, and Denovan,
1962), In Mt. Compass sand, which is coarse textured, Llow
in organic matter, and easily dried out, death oi seed
inoculum by desiccation could te considerable in the field.
It could be an important factor in causing poor nodulation
where normal levels of inoculum are used. By coating the
inoculated seed with a pellet, physical protection of the
inoculum from desiccation can te effected, and at the same
time the effects, if any, of "microbial antagonism” or
"toxins" on Rhizobium survival may possibly e reduced.

Two pot trials were therefore sown to examine effects of
pelleting on nodulation,

(a) Lime pelleting pot trial.

A factorial trial was designed with four
replicates of the following treatments.
Species: subterranean clover and lucerne,

Seed treatments: normal inoculum.

1000 x normal inoculum,
normal inoculum + lime peileting.
The lime-pelleted seed was prepared as follows -
seed was inoculated by the usual method and placed in s
conical flask, sufficient dilute gum arabic was added to
form a film over all the seed, then finely ground CaGOE
(A.R. grade) was introduced as the seeds were revolved

vigorously in the flask.
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Pot preparation, basal fertilizing, seed
inoculation, sowing and watering was similar to that usad
in Pot Trial I (Section B) and all pots received a basal
CaSO4o%H20 dressing designed to add the equivalent of
8 cwt. of CaCO3/écre. The pH was raised to 6,0 in all
pots by addition of Mg003o The improvement of the calcium
and pH levels by the atove methods was expected to almost
eliminate any calcium or pH effects that lime pelleting
may have had on nodulation.

After sowing, the pots were placed in ar open-
sided glasshouse for 24 days tefore harvesting. Primary
nodulated, secondary nodulated and non-nodulated plants
were separated after washing, and nodule counts were mads,

Results.

A substantial response to lime pelleting was
obtained in both lucerne and subterranean clover (Tabtle
34). Increases occurred in the percentage of primary
nodulated plants and in the number of primary and secondary
nodules per plant. Nodulation of plants from normally
inoculated, lime pelleted seed was almost equal to thatl
of the treatment receiving 1000 times normal inoculum.

(b) Seed pelleting trial (Pot Trial II, Section B).

Vincent, Thompson and Donovan (1962) cbtained
improved survival of Rhizobium on glass beads and subter-
ranean clover seed when these were coated with gum arabic,
To ascertain whether it was the gum arabic sticker, or the

actual lime coating which improved nodulation in the



Effect of Lime Pelleting on Nodulation.

TAELE 34.

Treatment % Nodulation Nodules/Plant
Prim. Sec, Non-nod . Prim.Nod.Plts.|Sec.Nod
| Plts.

Sub, Clover.

Normal inoculum 54,1 (0.82)*% 24,2 (0.51)* 3.6 5.4

Heavy ) 89.3 (1.32) 10.7 (0.19) 6.5 9.3

Normal + pelleting 81.6 (1.16) 11.4 (0.25) 5.0 3.9

Lucerne.

Normal inoculum 18.8 (0.38) 45.8 (0.74) 4.6 3.9

Heavy " 64.6 (0.93) 29.2 (0.57) 3.3 9.8

Normal + pelleting 62.9 (0.93) 21.7 (0.47) 5.0 8.9

L.S5.D. 5% (0.30) (0.27) 1.5 3.6
1% (0.42) (0.38) 2.1 5,1

* Arcsin transformation,

Results are the mean of 4 repliecates,

VB
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previous trial, a further pot trial was carried out.
i, Method. This trial, conducted in an cpsn-—
sided glasshouse, formed part of Pot Trial II {Sectiorn B},
The following treatments, replicated twice, werearranged
in a factorial design.
Species: subterranean clover and lucerns,

S2ed treatment: normal inoculum.

normal inoculum + gum arabic,

normal inoculum, gum arabic and lims

pelleting.
pH leveiss 5.0

6.5
Calcium: Control.

Equivalent of 8 cwt. CaGUB/aure as

a Ca00320a804 mixture.
Gum arabic coated and lime pelleted seed was prepared as
previously. All plants were harvested 24 days from sowing,
when subterranean clover had reached the three-trifoliate
leaf stage. ZPrimary, secondary and non-nodulated plants
were separated, and nodules counted on each piant.

ii. Results. In subterranean clover, nc

23

significant response occurred to either gum arabic coating
or lime pelleting of seed, but at pH 6.5 a highly signifi-
cant depression (P<1%) in percentage primary ncdulation
and number of primary nodules occurred where seced was
coated or pelleted. However, a marked improvement in the

ercencage of primary nodulated lucerne plants ocourred ot
P & P ¥ P
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both pH levels when seed was lime pelleted. No response to
gun arabic was noted but at pH 6.5 a significant depressicr
in percentage primary nodulation and number of sscondary
nodules occurred where seed was coated with gum aratic,

The results, presented in Table 35, are the mean of ths +
and - Ca treatments. Full results of Pot Trial II,
including statistical data, are presented in Appendix %,
Responses to lime pelleting were marked in beth calcium
treatments, although a significant response to zalcium was
also measured in the trial (Table 19 and Appsriix 9).

3, Temperature and Nodulation.

Little information is availlable on the e¢fiz2et of
low temperature on Rhizobium multiplication and legums

. s

nodulation in the field. According to Wilsown (192C; av

Cornell, low winter temperatures cause a drop .n h2

number of rhizobia in soil, although a subsequent ris

L)

ceours in spring. In laboratory studies, Nutwan £1949)
observed that low temperatures delayed nodulation of red
clover,

During winter at Mt. Compass, tempsratures may

be sufficiently low to affect maltiplicaticn of Rhizo

and consequent ncdulation. As legumes in this ares are

of ten sown a2t the beginning of winter {late HMay-Jdune),
seedling emergence is fairly slow and rhizobie on sead
are required to survive for a considerable periocd; uvnitil
a rhizosphere develops and nodulation cau occur., A Sairias

of studlies were therefore undertaken to examins the a2ffent
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- TABLE 35,
Effect of Seed Treatment on Nodulation,
Treatment % Nodulation Nodules/Plant
Prim. Sec. Non- Prim.Nod . Plts, | Sec.Nod.
nod. |[Prim. Sec, Plts,
pH 5.0 C, 50.0 9o iepean lerer. 1.6 4.0
G.A. | 50.0 33,3 16,7 3.5 1.9 3.9
L.P. | 50,0 41,7 8.3 3.4 4.0 5.9
PH 6.5 C, 89.6 10.4 0 5.4 501 13.2
Godo | T7.1 22,9 0 3.8 6.6 11.9
L.P. | T1.3 28.7 0 3.4 8.6 1301
Lucerne,
PH 5.0 C, 8.0 0 92.0 - - -
G.A. 6.3 O 93.7 - - e
L.P. | 75.3 6.3 18.4 3.1 0.3 =
pPH 6.5 C. 57.3 29.2 13.5 2.9 2.3 5.8
G.A. | 39.6 31.3 29.1 2.9 0.9 3.6
L.P. | 80.3 17.4 2.3 2.9 3.6 6.1

C. = Control.

G.A. = Gum Arabic,

L.P, = Lime Pellet.



of temperature on rhizosphere colonisation and nodvlation
in relation to seedling growth., At the same time, presiile
interactions with calcium and pH were investigated.

(a) Method.

The experiments were conducted in a growth rocm,
with a 12-hour day length and a light intensity of
1600-1800 foot-candles at plant level, Pot preparation
was similar to that descrited earlier for Pot Tirisi II
(Section B).

{b) Treatments.

Two experiments were conducted, ai semparatures
approximately corresponding to Mt, Compass winter asnd sprivg
conditions, respectively. The temperatures useld wers:i—

Low temperature - 45°F night, 6OVF A&7 o

High temperature - 60°F night, 759

At each temperature, the following treatments

were used;

Species: subterranean clover and lucerne.
pH level in sand: 5.0 and 6.5 - adjusted with Mg@@’
Calcium level in control.,

sand s equivalent cf 8 cwh, G’C@EXa@f:

as a CaSO402HZOzCa003 mixturs.

(0,946 g,:0,9100 g. i00C g, sand)

Level of inoculum normal,
on seeqd: heavy = 1000 x nercal,

- 5

In the low temperature trial, the three replica-—

tes were harvested 35 days from sowing, when the ~lover
D9



had developed three trifoliate leaves., Six replinstes
were prepared for the high temperature trial. ‘Wares of
the replicates were harvested at 23 days from sowing, koo

clover was at the same stage of growth that low teanpzrature

plants reached after 35 days. The other three regliczi

b
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were allowed to grow for the full 35 days before baing
harvested. At this time, the larger clover plants had
developed six trifoliate leaves,

At each harvest, primary, secondary, and non-
nodulated plants were separated, nodules counted cn -k
plant, and the tops retained for dry weight wsosuramenis.
(c) Results.

At the lower temperature, seedlings of “oth
species emerged in 6 days from sowing, and nzdules wers
visible on clover roots 18 days from sowing. 4% the
higher temperature, seedlings appeared in 3 days and
nodules were visible on clover roots 9 days from sowing.
At both temperatures, lucerne took 3-4 days longer than
clover to produce visibtle nodules. The nodulation
responses to inoculum and pH treatment at the two tompero-
tures are presented in Table 36.

Temperature had a marked effect on nodulartion
and growth of both species. At low temperature, lucsrns
plants made poor growth, and were similar ia sppearance =
plants in the field in midwinter (Plate 20). The Tasves
were small and narrow, and bluish-green in =olcur, Tl

condition was not so pronounced at high tempserature,



TABLE 36.

Effects of Temperature cn Nodulation = Lucerne,

Treatoent

% Nodulation

Nodules,/Plant .,

Prim. Sec. Non=- Prim . Nod . Plts, Sec.Nod,
nod ., Prim, See, Plts,
Low Temperature - [{35 days).
;‘:H l: -16;01’5' O 9806 = o=
;04 O 9806 = = =
\3‘{5 (“ 1309 ﬂuoa 7500 1‘09 /\04 :fjog
48,5 38,9 12.8 2,0 b ol 205
ign Temperature = (23 days),
e §.0 In, Q 0 100,0 - - -
In, 1.4 0 98,6 - - -
c‘}“r 605' lnrﬁ 4‘0““ 905 8604 - = =
IJ? 37.7 38,8 23,5 1.9 0.5 303
High Temperature <4 (35 days).
pH 3500 Iﬁq O O 10000 - e =
In? 0 7.0 93.0 - - -
pH 606 IILB 1006 4208 4‘606 304 004 4,-0334
In, 38,9 56.9 4,2 3.9 3.5 6.7
Significance pf differences.
Lizvel of ) ) B
Iroculivm 1% 1% - N.S, NoS, B%
<H 1% 1% - 1% 1% i
1&1 X pH LS, n.s, = n.8, oS, 1oP o
Temperasture )
{35 days) n.s., 1% - 5% 5 1%
2 Ca treatments, 3 replicates.




TABLE 36, (cont,)

Effects of Temperature on Nodulation - Subberranearn Clg

Trestment % Nodulation Nodules, Fiens
Prim. Sec.. Non- Prim Nod Flts,

riod , Prim, Set,

Low Teuperature - [(35 davs),

PH 5.0 In, 48.6 34.8 16.6 2.€ 2.8 2.9
In, | 98.6 1.4 0 4.5 7,8 i
PH 605‘ In 7604 2306 O w.;oo 80"} zﬂu‘:‘

In, |[100,0 0 0 5,4 7.8 .
High Temperature - (22 days),

8003 1804 103 209 ‘ﬁog Ru‘
Iny | 97.2 2.8 0 4,5
4]

o]
9]
Ay |
fa)
=1
=

PH 605 Iﬁ(ﬂ 8700 ‘Ejo O Lo‘i %oﬁ :o
In2 'nOOaO 0 O %oi‘; i o: S

High Temperature - (3%

[
o
<
m
0-

PH 5,0 In. 72,3 27.7 Q 4.2 Box 1.8
In2 100.0 0 0 hod

tH 6.5 In, 88.8 11.2 0 1.8 1.2 18,0
In2 100,0 0 0] 6.7

ba”ii -

Significance| of differences,

Level of

Incculum 1% 1% - 1% Nnes . %
oH 1% 5% - 5% 1% %
In x pH 1% N.8, - 19 RS, B2,
Temperature ) ) )

{35 days) 1% TioS o= 1% 19 1%
Harvests )

{high temp.) NeS. 1.8, - 1% 1% Yo%,

Figures are the mean of 2 (a treatmenis, I re;
treatment ,

)]
3
e’
4.
L’\
Ay
Y
&
Vi
ky




PLATE 20,

Primary nodulated subterranean clover and iucerne plants
st ths lower temperature, 35 days from sowing.

Hote the small narrow leaves on the lucerne plant,
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where plants were larger and leaves almost normal (Plate

21). Growth of clover was less affected by locw temperature
than that of lucerne and when heavy inoculum was used
plants grew normally, but at a slower rate than at high
temperature.

At high temperature after 35 days, nodulation in
both species was significantly better than that obtained
in the same time at low temperature. This was reflected
in the wmuch higher plant yields at high temperature (Table
37)

TABLE 37.

Effect of temperature on dry watter yield.

(mg/plant - heavily inoculated, primary nodulated)

Treatment Sub. Clover Lucerne
- |Low temperature - 35 days 264 93
'High temperature - 23 days 207 74
High temperature ~ 35 days 615 270

When temperature was raised, improvement in
nodulation of clover occurred only when normal inoculum
was used; when heavy inoculum was applied to seed all
plants were primary nodulated. At high temperature very
few unnodulated plants occurred, and the psrcentage of
primary nodulated plants and nodules per plant were
considerably increased. Only a swall difference in growth
was visible between normally and heavily inoculated clover

at high temperature after 35 days {(Plate 21)., A wmuch



PLATE 21,

Subterranean clover (upper) and lucerne (lower) at the
higher temperature, 35 days from sowing. Left to right -
- pH 5.0 normal inoculum,
pH 5,0 heavy inoculun,
pH 6.5 normal inoculum.
PH 6.5 heavy inoculum.
Note the smail‘differences between treatments in

subterranean clover, but the large differences in lucerne.
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larger difference was visible at the lower temperature.

In lucerne, temperature effects occurred only
ét.pH‘6¢5; as few plants were nodulated at pH 5.0 whatever
' the,femperature. At the higher temperature a highly
” significant increase in secondary nodulated plants
fféqcnxred,‘and nodule number also increased. At the lower
température, the weight of tops of nodulated lucerne was
littie.higher than unnodulated plants, indicating that
'.ﬁitr§gen fixation was probably low over the two weeks
 *sin¢¢fnodﬁlation.

‘,, Nodulation and growth of the two species after
 23fdajs at the higher temperature was similar to that
'obtained after 35 days at the lower temperature (Tables
36 and 37).

As in previous trials a prconounced response in
nodulation and plant growth occurred in clover when heavy
iﬁocuium‘was used on seed, while 2 smaller response
oceurred when the PH was raised to 6.5, With normal
inoculum,-especially at low temperature, many clover plants
-ﬁ%eré small, pale and nitrogen deficient in the early stages
of growth; These unthrifty plants were later found to
ﬁéééess no nodules or only small late-developing secondary
nodules. When heavy inocculum was used, nearly 100%
 hodulation was obtained whatever the scil treatment or
temperature. Substantial responses to heavy inoculum in
hodulatidn and plant growth also occurred in lucerne, btut

at high pH only. Hardly any lucerne plants were nodulated
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‘at pH15.O“whatever the treatment.

No nodulation response to calcium addition was
'~'m§53ufed,at either temperature. This can probably be
attributed to a higher ratio of CaS0,.2H,0 used in the
.- CaS§4.2H2O:CaGO3 wixture, as compared with Pot Trial II
':(Section'B), where a calcium response was obtained. The
'le¢f fhe sand was depressed by 0,2 units when calcium was
addéd; and this depression probably wasked any nodulation

response to calcium.

-  (d) ‘Rhizobium survival in the rhizosphere of lucerne.

- The extremely poor nodulation of normally

]:f,i#o¢ulated_lucerne in previous field and pot trials, even

i*ff'Whefefcalcium and pH levels in the sand had been raised,

UfCéuidxhave been due to poor survival of inoculum on seed,

: :§i;iﬁabilitY of rhizobia to colonise the rhizosphere.

713f5Teﬁts Wére therefore carried out at high and low tempera-

'fttﬁi§$f£0r présence of rhizotia in the rhizosphere of

V'Q-?unnédulated‘lucerne to ascertain whether colonisation was

‘ﬁy3gg¢ﬁgiing and to find out whether temperature affected

the pr.oceSS‘ |

Two trials were conducted to test suitable
’fjté¢hniques; Because of the very probable presence of

" other organisus, plate counts were not considered as a

 practical method. Both Purchase and Nutman (1957) and

Bovira (1962) have estimated numbers of rhizobia in the
”frhiZOSPhere by plant infection techniques, and a modifi-

eation of their methods was tested in the first trial.



204
A pot trial with three replicates was prepared, with
sim;lar]treatments to those in the main temperature trial,
Lucernefseedlingszwere grown in the growth room at the
 ;ower,temperatgre (45°F night, 60°F day), and after 35
days were removed from the sand, taking care to avoid
Q%maginggroots.‘ Excess sand was lightly washed off the
roots with sterile distilled water. A 1 cm. segment of
téproot'ﬁrom'Z cu. telow the crown was removed from each
ﬁnﬁédulatedvplant and placed in a test tube containing a
sterile lucerne seedling. BHach sterile seedling was
susﬁénded in a nitrogen-free nutrient solution by a fine,
fétaiﬁless steel wire. The mouth of each tube was covered
by an aluminium cap.

All tubes were placed in a glasshouse maintained

‘1 -at'70°Ffand the seedlings examined at weekly intervals

‘  for thé presence of nodules. Few seedlings formed
'.:nodﬁlés, even those with root segments from heavy

j'iﬁééqlum.treatments. It was thought possible that

e’Rhizdbium numbers in the rhizosphere were very small and

 distributed sparsely along the root, and the technique not
sensitive enqugh to provide useful results. The test was
repeated in a second trial, and a 3 cm. taproot segment,
takeﬁ'from 1 cm, below the crown, was added to each tube.
Again, few nodules formed on the test plants.

In the second trial, a different technique was

also tested. A basal fertilizer dressing, similar to that

~used in Pot Trial II (Section B), was added to Mt. Compass
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sand, and calcium added and pH raised to 7.0 by addition
of 1,0 g. fine CaCO3/1OOO g. sand. The sand was then
sterilised for 1 hour in an autocclave. With these treat-
mentg the sand was expected to supply optimal nutrient
and pH conditions for survival and multiplication of

Bh;zoh;qgrmeliloti and at the same time be uncontaminated

 hy iraewliving rhizobia and other organisms.

Unnodulated lucerne seedlings, carefully removed
from the 5" pots and lightly washed over a sieve with
sterile distilled water, were transplanted into small
vWaxed cartons, each containing damp sterile sand (450 g.
éierry sand/carton). The seedlings were then watered
with sterile distilled water. A waxed 1lid was placed on
each carton, the seedling protruding through a small
‘aperture in the centre (Plate 22), Six unnodulated plants
fﬁere*transplanted from each pot. At the same time, 12
 céffons of sterile sand were sown with surface-sterilised
'séed‘as a check on contamination during transplanting.
fThefcartons were randomised in a glasshouse maintained at
.70°f.‘ Trénsplanted plants grew rapidly and soon changed
from the characteristic stunted, bluish appearance of the
low temperature treatment. The cartons were watered when
reguired through the small aperture in the 1lid, and plants
were harvested 28 days from transplanting. Roots were
washed and examined for presence of nodules, which were
taken as an indication of the presence of rhizobia in the

rhizosphere of seedlings at transplanting. No control



PLATE 22,

Technique used to check for presence of Rhizobium meliloti

in the"rhizo$phere of unnodulated lucerne seedlings.

Upper : Waxedfcartons containing plants ready for harvest,
Lower: The $ame‘plants after harvest.

Left ~ No R. meliloti present (no nodules).

Right - R, meliloti present (nodules).
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plants were nodulated. At harvesting, nodulated plants
were easily observed by their greater size and dark green
appearance (Plate 22). The following results were
obtained:

Percentage Nodulation

pH 5.0 In1 15.3
"M In, 52.8
PH 6.5 In, 48.7
" " In2 95.8
Control Nil.

The figures are the mean of the two caleium
treatments, three replicates of gix plants per treatment.
No response to calcium occurred.

The results obtained did not provide figures for
" the actual number of rhizobia on the roots of transplanted

'plants,‘only their presence or absence, but the tube
tests indicated that numbers were probably low at best.
The results showed that the method was sensitive enough
to reflect effects of inoculum size and pH on survival of
rhizobia in the rhizosphere, and it appeared to be a wmuch
more sensitive test than the test tube method. The sterile
sand transplanting technique was therefore adopted in the
temperature trials already reported. Tests were made on
unnodulated lucerne plants at 11, 23 and 35 days from
sowing, in both temperature trials, Extra replicates of
lucerne were sown to provide plants for testing at 11 and

23 days. ZEach series of cartons was harvested 21 days
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from transplanting. Results are presented in Figure 23.

At low temperature, results were similar to
those obtained in the prelimirary trial. Few transplants
produced nodules where both inoculum level and soil PHE
had previously been low, but all transplants became
nodulated where both had been high. At these two extremes
little difference in transplant nodulation cccurred at
113 23 and 35 days from sowing. Where only inoculum level
or pH was previously low, intermediate results were
obtained. Where a treatment of pH 5.0 and heavy inocculum
had been used, transplant nodulation dropped steadily at
succgessive samplings, but with a pH of 6.5 and normal
inoculum nodulation tended to rise between the second and
third samplings. At 35 days, the two last-mentioned
treatments both gave just over 50% nodulation.

At high temperature, rhizobial survival in the
rhizoéphere, as assessed by the transplanting technique,
was higher than at low temperature, tut similar
differences to those occurring at low temperature were
measured between treatments,

No control seedlings were nodulated, indicating
that contamination was most unlikely to have occurred, and
that the nodules were formed by rhizobia already present
on the roots of the transplanted seedling.

4. Mt, Compass Field Trial II, 1963,

Previous field and pot trials showed that in

Mt. Compass sand a substantial improvement in rnodulation



FIGURE 23,

Effect of temperature, level of inoculum on seed, and scil

PH on survival of Rhizobium meliloti in the rhizosphere of

unnodulated lucerne, at three intervals from sowing.
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could be obtained by supplying high numbers of rhizobia on

the seed. In order to define the effects of inecreasing
level of inoculum more closely, further study was needed
to provide both basic information and a basis for
practical recommendations on inoculation of legume seed
in Mt. Compass and similar sands. In this trial, two
levels of peat inoculant and four levels of agar inoculant
were used, As a positive response to seed pelleting had
been obtained in previous pot trials, a lime-pelleting
treatment was also included.

At present, there are three practical methcds
which may be used by farmers to supply calcium and raise
pH in soil to assist legume nodulation. These are:

1. Lime pelleting of seed.

2. Iime in drill row, 1-2 cwt./acre with seed.
3. Heavy broadcast liming, 34-2 tons/acre before
sowing.

Generally, the first two methods are used where
the soil is above pH 5.5 for lucerne and above pH 5.0
for subterranean clover, and where calcium deficiency is
not marked, if present at all. In more acid soils,
however, they are not always successful and heavier rates
of liming, though costly, are sometimes necessary.

At Mt. Compass, the pH and calcium levels are
sufficiently low to cast doubts on the effectiveness of
lime pelleting as a means of obtaining successful

nodulation of clover and lucerne. In observational trials,
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sowing of lime pelleted, normally inoculated seed in soil
with only basal fertilizers added at Mt. Compass in 1962
resulted in nodulation failure in lucerne, and poor results
in elover. On the other hand, plants nodulated well in
adjacent plots which had received 10 cwt. of CaCOj/acre
as a band mixed to 4", Lucerne in these plots survived
the sﬁmmer drought and grew well in the second year,

J.K. Powrie was also successful in establishing lucerne in
a neighbouring trial when he applied 1% tons CaCOB/acreo

In view of the above observations, two contras-
ting methods of liming, light drill-row application and
heavy broadcasting were decided upon, in order to obtain
information on the best practical method of supplying
calcium and raising pH. The liming and level of inoculum
treatments were combined in a multiple-factor trial of
factorial design.

(a) Ireatments,

The following treatments were used:

Species: subterranean clover and lucerne.
Liming: 4 ewt./acre in drill row

1 ton/acre broadcast and rotary=hoced to
4n deptho

Inoculum: normal (x1)
x10
x100
x1000

normal + lime pellieting.
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In addition, two peat inoculum treatments (x1
and x10) were used, but only on broadecast-lime plcts,
Each treatment was replicated four times, making a total
of 96 plots. Each plot measured 9' x 3'., The trial
layout may te seen in an accompanying site plan (Fig. 24).

(b) Fertilizer and lime application.

The site was cleared and rotary-hoed in a
similar manner to Field Trial I, 1963. Broadcast-lime
treatments were applied ta appropriate plots on ilay 14th,
1963, and the whole plot area rotary-hoed to 4" depth.

A basal fertilizer dressing, identical with that used in
previous field trials was then applied and harrowed in.
Drill-row lime was applied with the seed at sowing.
Agricultural limestone was used throughout. fThe fineness
of grinding is indicated by the followirg particle size
measurements:

Retained on 1000 micron {(.0394") sieve 8.8%

" " 500 o (00197n) W 2406%
" w211 m (.0083%) w 32.1%
Passed throgh21i  ® L " 34.5%

(e) Seed inoculation, and Sowing.

Rhizobium cultures were grown on nutrient sgar
for 5 days and seed inoculated in the afterncon of May
20th, allowed to dry at room temperature and stored
overnight in a refrigerator. The method used for
inoculation was similar to that used in previous trials

and is summarised in Table 38.



FIGURE 24,
Mt., Compass Field Trial II, 1363,

Treatments.

13. Lime in drill row x 1 agar inoculum

14 v " L A} i) X “] O L] i

1 5 R " L1 " " X Jﬂ OO " i

1 6 . n ] " " X 1 OOO 4] «

17, LECR " " x 1 ager incoulunm 4
lime pellet.

10. Lime broadcast z 1 agar inodulun

1 9; "w. " X ‘E O il 13

20, " i x 100 n 0

21. " " x 100G *® n

22, 4 b x 1 agar inoculum
lime peilet,

23, " ° x 1 peat inoculumn

24 .' 1] i} be 1 O " ot
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TABLE 38,
Method of Seed Inoculation.
Inoculum [Skim Milk Aliquot Gells per Seed
Level added to for 113.4g. (plate counts)
Culture Seed Sub.Clover Lucerne
o (ml.) (ml.) \
Normal (x1)| 852.0 4.25 1,630 44730
x10 85.2 4,25 15,000 53,300
' X1OO 855 4‘025 939000 AOOQOOO
x1000 ' Culture slime added 770,000 3,330,000
directly to 22.5g. seed

Inoculation with peat powder was carried out by
mixing ,0875 g. or .8750 g. of powder with 22.5 g. of seed,
adding 1 ml. of skim milk and agalin nmixing thocroughly
before allowing to dry. The above levels provided the
recommended and 10 times the recommended rate of inoculum
.respectively on the seed. Actual numbers of bacteria on
each seed were not determined for peat inoculum.

The trial was sown on Ilay 21st, 24 hours after
the seed was inoculated. Two hundred seeds were sown in
three 9' rows, 7" apar®, in the centre of each plet, and
covered to 2" depth. The rows were made with a ring
roller, which consolidated the sand at the same time. To
facilitate sowing, a small amount of dry sand was mixed
with the seed, while drill-row lime was also added in the
appropriate plots.

(d) Soil pH measurements,

On July 22nd, samples were ottained from all



plots for soil testing. A O-4" sample was obtained from
the broadcast-lime plots, while O-1", 1-Z2" and 2-3V
samples were octtained directly frowm the rows of the drilled

lime plots. The following figures were obtained:

Treatment pH

1 ton kroadcast = 6,80

4 ewt. in drill row O=1" = 7,02
1-2" = 5,99
2=3" = 5,49

(e) Harvests I and II,

On July 15th and August 26th, 55 and 97 days
respectively from sowing, 20 plants were remocved at
random.frdm each plot as previously. Primary, secondary
and non-nodulated plants were separated, and priuwary
end secondary nodules counted on each plant.

(£) Harvests III and IV.

On October 15th, 147 days from sowing, 12
plants were removed from each plot for determination of
herbage production. A%t this harvest it was noticed that
lucerne which had received 1 ton of lime, broadcast, was
making tetter growth than that which had received only
4 cwt. of lime in the drill row. This difference in
growth seemed to be associated with differences in root
development; taproot formation was much better where
lime was kroadcast. A fourth harvest of six plants per
plot was therefore obtained on Movember 1ith tv assess

the effects of liming on root development of btoth species.



Plants were carefully removed with a spade, and those
with forked or straight roots separated. After drying,
tops and roots were retained for dry weight, calaium,
phosphorus and manganese determinations., Manganese was
determined by the periodate method (Piper, 1942), while
calcium and phosphorus were determined as previously.

Forked-rooted plants were defined as those in

which a taproot could not be identified 2-3" below the
crown. The roots of these plants were generally much-
“branched, small, and brown in colour.

Straight-rooted plants had produced a long,

straight white taproot for at least 6" below the crown.
Brown roots were much less evident.

In lucerne, the different categories were
easily separated, tut clover roots were more difficult
to classify, because of a general abundance of fibrous,
branched roots in all plants. Immediately tefore
Harvest IV soil samples were obtained at 0-z", 2-47,
4-6" and 6-8" depths from the two liming treatments. In
the drilled-lime treatment, samples were taken along the
actual plant rows.

(g) Results,

Significant nodulation responses to inoculun
level and liwming treatment were evident, and a consider-
able species difference again occurred. The results of
Harvest I are presented in Tatle 39, while Harvest IX

results are presented in Appendix 13,



TABLE 39,

Mto Compags Field Trial II, 1963, Harvest I,

quterranean Clover,

| Treatment % Nodulation Nodules/Plant
| Prim, Sec, (Non— Prim, Nod-2d4s . Pec.Nod.
nod .| Prim. Sec.Plts,
Drilledﬁlime,
x 1 inoculum 76.9 (1.07)%¥20,7 | 2.4| 2.3 5.2 5.7
X 10 " 9706 (1040) 204 O 306 800 =
x 100 " 100.,0 (1.47) | © 0 4.9 9,0 -
x 1000 " 100.0 (1.47) ] 0 0 5.4 9,1 =
x 1 + lime pellet 71.1 (1.00) [25.2| 3.8} 2.5 3.3 4.6
Broadcasp }img.
x 1 inooulum 7402 (1904) 2404 104 291 300 508
x 10 " 88.7 (1.24) | 6.6 | 4.8| 3.1 7.2 9.0
x 100 i 100.0 (1.47) |0 | O | 4.7 Tol
x 1000 " 100.,0 (1.,47) | 0 0 | 5.6 7.9 =
x 1 + lime pellet 74.5 (1.03) [25.5]| © 2,5 4.6 4.9
x 1 inoc. (peat) 92.7 7.3] 0 3.5 6.8 5.9
x 10inoc. (peat) 100.0 0 0 3.7 T.7 -
Inoculum L.S,D.5% |  (0.16) 0.4 1,9
1% (0.22) 0.6 2.6
Lime = L.S.D.5% (0.10) 0.3 1.2
1% (0.14) 0.4 1,7
Inx L L.S.D.5% (0,22) 0.6 2.7
1% (0.31) 0.8 3.7

* gresin transformation.
Note. Peat inoculum results were not statistically analysed.
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TABLE 39. (cont.)
Mt, Compass Field Trial II, 1963, Harvest I.

Lucerne.
% Nodulation Nodules/Plant
Prim., Sec, | Non-nod.  Prim.Nod.Plts, | Sec.Nod,
: Prinm. Sec, Plts.,
68.5 (0.97)* | 5.9 |25.6 (0.52)* | 2.8 0.6 4.6
86.5 (1,19) 1.0 [12.5 (0.35) 3.2 0.7 -
98.8 (1.44) 1.2 o (0 ) 4.0 1.1 -
97.7 (1.40) 1.1 1.2 (0,06) 4.1 1.3 =
87.8 (1.20) 3.4 8.8 (0.26) 2.9 0.5 -
15.9 (0,36) 3.0 81.1 (1.15) 1.6 0,2 -~
60,6 (0.89) 7.1 }32.3 (0.60) 1.9 0.6 -
84.9 (1.18) 2.5 [12.6 (0.34) 3.1 1.3 -
97.4 (1.40) 1.3 1.3 (0.06) 3.5 1.4 -
63.4 (0.92) 3.9 |32.8 (0.60) 2.2 0.2 -
58,1 6.2 135.7 2,1 0.2 1.3
65.8 9.8 |24.4 2.1 0.2 2,2
(0.15) (0.17) | 0.5 0.4
(0.21) (0.23) 0.7 0.5
(0,10) (0.11) 0.3 0.2
(0.13) (0.15) 0.5 0.3
(0.22) (0.24) 0.8 0.5
(0.29) (0.33) 1,0 0.7

* gresin transformation.
Note. Peat inoculum results were not statistically analysed.
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At Harvest I, nearly all clover plants were
nodulated whatever the treatment, but both inoculum level
and lime treatment had a marked effect on the proportions
of primary and secondary nodulated plants, and the number
of primary and secondary nodules formed on each plant.

In contrast to clover, many lucerne plants lacked nodules
where only normal or 10 times normal agar inoculum was
used. In both species, as inoculum level was increased,
the percentage of primary nodulated plants and the number
of primary and secondary nodules per plant also inecreased
(Figs. 25 and 26). However, about 30 times more inoculum
wes required on lucerne than on clover seed to achieve a
similar percentage of primary nodulated plants.

The method of applying lime to the sand affected
nodulation considerably in toth species (Figs. 25 and 26).
Where lime was applied in the drill row, the percentage of
primary nodulated plants, and the number of nodules on
each plant were significantly higher than where lime was
broadcast. This difference was marked in lucerne at
normal inoculum. Ody 18.9% of lucerne plants in broadcast-
lime plots were nodulated at first harvest, while 74.4%
were nodulated in drill-row lime plots. To obtain
equivalent nodulation, about 10 times more incculum was
necessary with lucerne in broadecast than in drill-row
lime plots. The difference in inoculum requirement was
less for subterranean clover, however, and only about 5

times more inoculum was required in troadcast-lime plots



PIGURE 25,
Mt. Compass Field Trial II, 1963, ZEffect of level of

inoculum on seed on the percentage of primary nodulated

plants, with two methods of liming (Harvest I).

FIGURE 26,
¥t. Coupass Field Trial II, 1963, Effect of level of

inoculum on seed on the number of primary nodules per

plant, with two methods of liming (Harvest I).
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to obtain equivalent nodulation.

Lime pelleting of subterranean clover seed had
no effect on nodulation; in contrast, a highly signifi-
cant increase in percentage nodulation occurred with
lucerne. . The percentage of primary nodulated lucerne
plants from normally inoculated, lime pelleted seed was
equal to that where 10 times normal inoculum was used
without pelleting. The response occurred in both liming
treatments but was more pronounced where lime was broad-—
cast. Lime pelleting of lucerne seed did not increase
nodule number, however.

As with agar inoculum, the application of a
high level of peat inoculum to seed resulted in increased
nodulation in toth species, as compared with the
recommended rates. Peat and agar inoculums used in this
trial cannot be directly compared as the number of
bacteria on seed inoculated with peat was not counted.
Peat inoculum appeared superior to agar inoculum at
"equivalent"levels, but this was possibly due to a greater
number of bacteria applied per seed in peat than in agar
inoculum,

As in previous field trials at Mt. Compass,
nodulation of both species improved consideratly between
the first and second harvests (Table 39 and Appendix 13),
The large differences in nodulation due to inoculum size
and lime treatment were still apparent at the second

harvest, however.
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Considerakle differences in plant growth due to
inoculum treatment occurred in toth sSpecies during the
trial, even in young plants (Plates 23 and 24). In
particular, plots of normally inoculated lucerne
contained few vigorous plants, and many of the non-
nodulated plants had died by the time a second harvest
was taken. With heavy inoculum, most lucerne plants
were large, dark green and vigorous. Herbage yields
obtained at Harvest III, although somewhat variable,
generally increased in parallel with increased inoculum
size on the seed (Appendix 13). As in previous trials,
yield was probably influenced greatly by the number of
primary nodules present on each plant. A relationship
was evident between the number of primary nodules/plant
at Harvest II and plot yield at Harvest III (Fig. 27).

A feature of the herbage yields was the signifi-
cantly lower production (P<1%) of both species from the
drilled-lime than from troadcast-lime plots, even though
better nodulation had occurred with drilled lime. The
difference in yield tetween liming treatments was
associated with considerable differences in root develop=
ment, observed first at Harvest III and later verified
at Harvest IV. The results of the latter harvest are
rresented in Table 40,

In drilled-lime plots, root develcpment of
lucerne was poor, with no obvious taproot and many short,

brown, branched roots (Plate 25), Where lime was broadcast



Mt. QompassTField Trial II, 1963, Effect of level of

inoculum on growth of subterranean clover and lucerne,
147 days from sowing. Plots in centre foreground:
‘Left - heavy inoculum.

Right - normal inoculum.

PLATE 23 (Upper): Subterranean clover,
PLATE 24 (Lower): Lucerne,






PIGURE 27,
Mt. Compass]Field Trial II, 1963. Relation between dry

weight of tops (Harvest III) and primary nodule number

(Harvest II) at two levels of liming.
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PLATE 25,
Mt. Compass Field Trial II, 1963. Effect of liming

on root development of lucerne,

Left - 4 cwt of lime in drill row,

Right - 1 ton of lime broadcast and rotary-
hoed to 4" depth.
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TABLE 40,
Effect of Limipg on Root Development and Plant Yield,
% of Plants Yield of Tops |Yield of Roots
Treatment with (gm./plant (gm./plant)
U ptraight forked|straight forked |straight forked
roots roots |rooted rooted
Qgperne
Drilled 15.6 84.4 .130 .070 . 137 070
Lime
Broadcast| 73.9 26.1 167 .078 . 168 074
Lime
Subterranean Clover.
Drilled 76.2 23,8 .880 .490 . 209 134
Lime -
| Broadeast| 97.0 3,0 | .876 717 77 2142
Lime

taproot development was strong amt—f-ew brown roots were
evident. Although less pronounced, a similar trend
occurred in clover. Where roots of both species were
forked, the yield of tops and roots was much less than
where roots were straight.

Resultes of chemical analyses of herbage from
Harvest IV are presented in Table 41. The level of
calcium in the tops of both species was considerably
higher where 1 ton of lime was broadcast than where 4 cwt.
wag drilled. No clover roots were analysed, but in
lucerne, the level of calcium in roots was much lower
than in tops, and was not affected by lime treatment.
The phosphorus level was little affected by lime treat-

ment, although in clover tops the level was somewhat



lower where lime was drilled.

lManganese levels in both

tops and roots of lucerne were much higher frem plots

where lime was drilled than from plots where it was

broadecast.

TABLE 41.

Effect of lime treatment on calcium, phosphorus,
and manganese levels in herbage.

‘Treatment % Ca % P Mn (p.p.m.)
Tops Roots |Tops Roots Tops Roots

,Sub;Clover m

Drilled lime 0.56 - 10.13 - - =

Broadeast lime | 1.06 - 10,20 - - -

Lucerne.

Drilled lime 1.05 0,34 10.24 0,17} 86 54

Broadcast lime | 1.79  0.33 [0.25 0,19 32 30

The results of the
presented in Table 42,

IABLE 42,

PH determinations are

EffGCt of lime treatment on pH at various depths.

Sample depth (in.)

Drilled lime

0-2
2-4
4-6
6-8

pH 7.03
5.90
5.15
5,13

Broadcast Iime
PH 7.30
6.56
5.70
5.40

A large drop in pH occurred telow 2% depth in

the rows of drilled lime.

the band of lime had no effect on pH.

Below 4" and between the rows,

On the other hand,
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pH levels were higher at all depths in the broadcast-~lime
plots, due to lime application.

e Discussion of Besulﬁs,

Sterilisation of Mt. Compass sand with steam and
formaldehyde failed to improve nodulation of subterranean
clover and lucerne, although large responses +o similar
sterilisation treatments have been obtained on certain other
soils where legume nodulation problems have occurred (Cass
Swith and Holland, 1958; Holland, 1962; Beggs, 1961, 1963
19643 ©Parle, 1962). This lack of improvement in nodula-—
tion suggests that an antagonistic microbial population in
the soil is unlikely to be one of the causes of poor nodul-
ation of legumes in Mt. Compass sand. However, Harris (pers.
comm.) has demonstrated that an organic toxin in M%, Comp-
ass sand may cause a reduction in growth of subterranean
clover, lucerne and ryegrass. It is counceivable that toxic
material could be produced from plant remains in the sand,
and, unaffected by soil sterilisation, still affect plant
growth, and possibly nodulation. Further work on this
aspect would seem necessary.

The marked response to raising temperature
above winter level in growth room studies strongly suggests
that at Mt. Compass low winter temperature may be an
important factor affecting Rhizobium survival and nodula-
tion. Only in the first three weeks following sowing inm
1962 were air temperatures at the field trial site

comparable with those prevailing in the growth room during
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the low temperature trial (Fig. 13). For the next eight
weeks the mean teuwperature was nearly 6°F below that in
the low temperature trial, and did not rise again until
early August. Therefore, the effect of low temperature
on nodulation in the field may be greater than that
obtained in growth room studies.,

In the growth room, the time taken for
seedlings to germinate and form nodules at low temperature
(45°F night, 60°F day) was twice that taken at high
temperature (60°F night, 75°F day). The delayed germina-
tion and seedling growth at low temperature may have had
a wmarked effect on Rhizobium survival and multiplication,

especlally of R, trifolii, as lucerne took 3-4 days longer

to form nodules than clover. The transplanting technique
developed for lucerne in this study showed that at high
temperatufe, improvement occurred in colonisation of the

rhizosphere by R. meliloti, suggesting that at the lower

temperature, Rhizobium survival and multiplication was
reduced. The improvement in rhizosphere colonisation of
lucerne at high temperature was reflected in improved
secondary nodulation and nodule number per plant, but at
PH 6.5 only.

The transplanting technique showed that at pH
5.0 and with a normal level of inoculuu, very few of the
4,000 cells on each lucerne seed cculd be recovered from
the rhizosphere 11 days after sowing, although when

inoculum level or pH was raised, relatively greater
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rhizosphere colonisation occurred. However, at pH 5.0
nearly all lucerne plants were unnodulated when harvested
from the pots, whatever the temperature or inoculum
level. Presumably some other factor, such as lack of
suitable root hair sites, was limiting nodulation at
this pH. It is also possible that at pH 5.0 rhizobia
may be present in the rhizosphere, but in insufficient
numbers to infect root hairs and form nodules.

In clover, the greatest response to high
temperature occurred in normally inoculated plants, where
a large improvement in percentage primary nodulation
occurred, although nodule number increased significantly
at both inoculum levels when temperature was raised.

Hely and Williams (1964), in pot trials carried out in
water baths over a range of temperatures, found that low
root temperatures (45° and 54°F) markedly delayed initial
nodulation of subterranean clover, and restricted nodule
ﬁﬁmber. At 45°F, nodules did not form on the Mt. Barker
variety for 22.5 days, but formed in 7 days at 81°F.

These findings are similar to those obtained for subter-
ranean clover in this experiment, where nodules did not
form for 18 days at 45°F night, 60°F day, tut formed in 9
days from sowing at 60°F night, 75°F day. Low temperatures
in the field may well have contributed to the high propor-
tion of unnodulated and secondary nodulated plants of both
species which occurred where a normal level of inoculum

was used on the seed. Hely and Williams (1964) found that
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on the Southern Tablelands of New South Wales, proumpt
nodulation of subterranean clover did not occur, even in
the presence of abundant inoculum, when establishment was
delayed until winter. At Mt. Compass, it would seem
desirable to sow legumes as soon as possible after
autumn rains occur, i.e. late April or May, to take full
advantage of the warmer temperatures so that rapid
germination and nodulation is promoted. Late sowing, in
June or July, is likely to be affected by low temperatures
with delayed germination, poorer rhizobial survival and
multiplication, and consequently greater chance of
nodulation being delayed or absent, All the field trials
at Mt. Compass were bordering on late sowings and were
probably adversely affected by low temperature in June
and.July, especially lucerns.

In Field Trial II, 1963, as in previous trials,
there were large nodulation responses to increasing the
level of inoculum on the seed, and these were correlated
with dry matter yields of the plants. Both the percentage
of primary nodulated plants and the number of primary and
secondary nodules on each plant were increased with
increaged inoculum. The relation between inoculum size
and nodulation was not simple, but the number of primary
nodules formed was approximately proportional to the log
of the number of bacteria supplied. The greatest increase
in percentage primary nodulation in both species occurred

when the inoculum size was increased to 10 times normal.
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Thornton (1929) working in soil, and Bhaduri
(1951) working in water culture, both found that
nodulation of legumes was related to the size of the
raizobial population in the rhizosphere. More recently
Purchase and Nutman (1957) and Lim (1963) in laboratory
studies, have defined the relationship more closely. Lim
showed that root hair infection was limited by inoculum
size in two distinct phases. Before nodulation began,
infection was about doubled by doubling the number of
virulent bacteria in the rhizosphere, but after nodules
were formed, bacterial density had to be increased much
more than twice to double the number of infections,
However, as Nutman (1959b) points out, nodulation may be
limited by factors other than bacterial density and does
not necessarily bear a close relationship to bacterial
numbers in the rhizosphere.

'In Field Trial II, 1963, a definite relationship
between inoculum size and nodule number has been estab-
lished. This appears to be one of the first studies of
the inoculum size-nodule number relationship made under
field conditions. Hely (1964), in field experiments on
the Southern Tablelands of New South Wales, reports of a
congistent and significant increase in both survival and
dry weight of subterranean clover plants when inoculum

level was raised in three steps, from 1.0 x 102

to 1.0 x
105 bacteria per seed. However, he does not publish any

data on nodule number per plant at the various inoculunm
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levels.

To obtain comparable nodulation, about 30 times

more R, meliloti than R. trifolii were required on the
seed. This bears out observations from previous trials
of the poorer nodulation of lucerne in Mt. Compass sand
where pH and calcium levels had been raised, and when

approximately equivalent numbers of R. meliloti and

R, trifolii had bteen used on respective seeds.,

Drilled liming proved superior to broadcast
liming in nodulation of btoth species. pH and calcium
levels in the sand are unlikely to have been limiting
in either treatment; the pH was 7.0 in the row at O=1"
depth where lime was drilled, and 6.8 at 0-4" depth where
lime was broadcast. Results from previous trials
(Section B) indicate that these levels are both optimum
for nodulation. The difference in nodulation is most
probably a reflection of the effect of liming on Rhizobium
survival in the sand. Over 34% of the limestone was fine
material (< 211 micron) and the increased nodulation from
the drill-row lime may have been an effect on rhizobial
survival by this fraction, concentrated near the inoculateg

gseed. R. meliloti was affected more than R. trifolii. To

obtain comparable nodulation between the two liming treat-

ments, 10 times as many R, meliloti were required in the

broadcast-lime plots as in the drill rows, but only 5

times as many R. trifolii were needed.

The way in which the fine material could affect
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Rhizobium survival is not clear. It is possible that one
of the effects may be the provision of carbon dioxide in
the sand, which is low in organic matter and in which
microbiological activity is probably reduced by low
winter temperatures. Low carbon dioxide levels have
teen shown to affect growth of nodule bacteria (Lowe and
Evans, 1962) and nitrogen fixation (Mulder and Van Veen,
1961). Hely (1964), in large field trials on the Southern
Pablelands of New South Wales, obtained significant
responses in nodulation, seedling survival and dry weight
of tops when fine lime was added in the drill row with
inoculated, pelleted subterranean clover seed. He also
suggested that the response was due to additional carbon
dioxide in the soil,

Fine lime may alternatively protect the root
nodule bacteria in some way, possibly against desiccation,
to which they are particularly susceptible (Vincent,
1962a), although this should not be so important at
Mt. Compass in winter. In Western Australia, the

inability of R. trifolii to survive the summer in certain

cogrse-textured sands has been overcome by the addition
of fine particle materials, mainly clays, with the
inoculated seed (Marshall and Roterts, 19633 Marshall,
Mulcahy and Chowdhury, 1963; Marshall, 1964). The fine
fraction may even protect rhizobia against organic toxins
shown to be present in Mt. Compass sand by Harris (pers.

comm, )
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The probability that the fine fraction of the
lime in the drill row increased Rhizobium survival was
supported by the results of the lime pelleting trials,
both in pots and within the main field trial. In both
cases large increases in percentage nodulation occurred
with pelleting of lucerne seed even where both calcium
and pH levels in the sand were almost certainly not
limiting. In the field the response was greater in the
broadcast-lime plots, as rhizobial survival was already
improved by fine lime in the drill row plots.

Except in the initial pot trial no response to

lime pelleting was obtained in subterranean c¢lover, This

is possibly due to the better survival of R, trifolii in
the sand. Alternatively, seed coat inhibitors may have i
been present, and counteracted any Rhizobium response %o
lime pelleting. Thompson (196G, 1961), Bowen (1961), and
Vincent et al. (1962) have all demonstrated that seed
coats of various legumes contain substances which inhibit
Rhizobium multiplication. This inhibition was found to be
strong in subterranean clover but weak in lucerne.

No improvement in nodulation was obtained from
gum arabic coating alone; in contrast, a significant
depression in nodulation of both species was recorded at
PH 6.5 following its use. Weak solutions of gum arabic
are sometimes known to reduce inoculum survival and cause
poor nodulation (Brockwell, 1963), and this effect way

have occurred here.
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That the function of lime in legume establishment
at Mt, Compass is not solely the raising of pH and
supplying of calcium for legume nodulation and nitrdgen
fixation was shown by the marked response in root develop-
ment to a heavy application of lime. Short, btrown,
branched roots developed on plants where only 4 cwt. of
lime was applied in the drill row, but where lime was
broadcast at 1 ton per acre and rotary hoed to 4" depth
plants developed long, straight, white taproots. Lucerne,
a deep-rooted plant with a well-developed taproot, was
affected by lime placement to a greater extent than
subterranean clover, which is predominantly a surface
feeder with branched roots.

In drilled lime plots, where nodulation was
superior to that in Ptroadcast-lime treatments, plant
yield responses to increasing priwmary nodule numbers were
low, as growth was limited primarily by poor root develop-
ment. On the other hand root development in broadcast
lime plots was satisfactory, yield was determined mainly
by the amount of nodular tissue present on the roots, and
a greater growth response to increasing primary nodule
nunber occurred.

Root development had a considerable effect on
summer survival of lucerne. When the field trial was
inspected on April 24th, 1964, 11 months from sowing, only
occasional plants in drilled lime plots had survived,

whereas survival of plants in broadeast lime plots was
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good, especially where heavy inoculum had been used.
Failure of nodulated lucerne in previous trials to survive
a summer drought was undoubtedly due to poor root develop-
ment of the plants. Even with subterranean clover,
second-year seedling establishment was superior in
broadecast-lime plots. Although examination of all clover
plots for nodules was not carried out, the difference was
probably due to poorer seedling nodulation in the acid
s0il between the rows of lime. In broadcast-lime plots,
all second-year clover seedlings which were examined were
primary nodulated.

The adverse effects of acid scil conditions on
legume root development have been observed by a number of
previous workers (Watenpaugh, 1936; Pohlman, 19463
Schmehl, Peech and Bradfield, 1950, 19523 Fox and Lipps,
19553 Hourigan, Franklin, McLean and Bhumbla, 19613
Shoop, Brooks, Blaser and Thomas, 1961; Kehoe and Curnow,
1963), and the marked effects of lime in improving root
development have been reported. Imn pot trials conducted
by Watenpaugh (1936), Pohlman (1946), and Schmehl et al.
(1952), a common finding was that liming the lower layers
of the soil markedly affected root distribution of lucerns.
When lucerne roots met an acid layer, normal taproot
development ceased and further root growth was poor and
in a lateral direction. When the lower soil layers were
limed, normal taproot development occurred.

The findings of these workers fit in well with
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the observed effects of lime placement on root developmen§
at Mt. Compass., Soil tests indicated that while broadcast
lime had raised pH even to the depth of 8", drilled lime
had no effect below 4" and acid conditions still prevailed
between the roﬁs.

The effects of liming on root development have
been variously attributed to lowering toxic levels of
hydrogen ions (Watenpaugh, 19363 Hourigan et al, 1961),
manganese (Schmehl et al, 1950), or aluminium (Shoop et al.
1961; Kehoe and Curnow, 1963), in the soil. None of the
responses reported are attributed solely to correction of
a calecium deficiency, although Schmehl et al. (1952),
using'Ca45, found that the rate of absorption of caleium
by lucerne growing in nutrient solution was markedly
reduced in the presence of aluminium ions, and, to a
lesser degree by manganese and hydrogen ions. Vlamis
(1953) verified the toxic effects of all three ions om
root growth in his experiments with lettuce and barley in
water Eﬁlture. In water culture trials of the present
study, growth of roots of both lucerne and subterranean
clover was reduced at lower pH levels, especially at pH
4,0 and 4.5.

At Mt. Compass, where the sand is almost
completely lacking in clay minerals and is highly leached,
aluminium and manganese levels are unlikely to be kigh.
The manganese content of the lucerne (<2100 p.p.m.)

although lowered when a heavier rate of lime was applied
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to the sand, was not approaching toxic levels and is
unlikely to have affected plant growth. Kipps (1947)
found that in a savannah soil at Canberra, lucerne grew
normally where plant manganese levels were below 200
P.P.m., while Vose and Jones (1963) found that high yields
of white clover were associated with manganese levels of
less than 100 p.p.m, On the other hand, the sand in
drilled-lime plots was quite acid except in the immediate
viecinity of the actual band of lime, and it seems possible
that the high hydrogen ion concentration was reducing
root development. Also, calcium levels in the tops of
plants from drilled-lime plots were considerably lower
than those from broadcast-lime plots. In view of the
large responses obtained in root elongation to increasing
the calcium level in previous water culture trials
(Section A), it seems possible that low calcium as well
as a high hydrogen ion concentration, was limiting rcot

development in Mt. Compass sand.
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Iv GENERAL DISCUSSION.

Field experiments and pot trials have shown
that a number of factors limit the nodulation and
establishment of subterranean clover and lucerne in
Mt. Compass sand. Both PH and calcium levels of the sand
were low for optimal nodulation, and large responses in
percentage nodulation and nodule number per plant were
obtained when the levels were raised. In Field Trial I,
1963, comparable nodulation in either species could be
achieved by adding calcium to the sand or raising pH;
where both calcium and pH levels were raised nodulation
increased further. In order to interpret these results,
basic information on the‘effect of calcium and pH on
growth and nodulation of the two species was obtained by
means of water culture trials. Variation in calcium and
PH levels of the nutrient solution caused marked growth
responses in both subterranean clover and lucerne in these
trials., Critical levels of 0.25 me Ca/1 and pH 4.5 for
clover and of 0,50 me Ca/l and pH 5.0 for lucerne were
established for the conditions prevailing in the experi-
ments. At or above these critical levels, an increase in
either calcium or pH level produced near maximum yields
of herbage. One of the main reasons for the effect of pH
on growth appeared to be its influence on calcium uptake,
which was depressed at the lower pH levels used (4.5 and
5.0). The interaction of calcium and PH on plant growth

and calcium absorption is already known (Arnen et al.,
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19423 Arnon and Johnson, 1942; Moser, 19423 Sutten and
Hallsworth, 1958; Loneragan and Dowling, 1958; Jacohson
et al., 1960; Waisel, 1962), but their effects on
subterranean clover and lucerne have not been closely
defined previously.

In water culture, roct hair development was
highly dependent on the calcium and pH levels of the
nutrient solution. A large species difference ocecurred,
lucerne being more sensitive to the lowering of toth
calcivm and pH levels than subterranean clover., Altheugh
the effects of calcium and pH on root hair develcument
has been noted in other plants (Cormack 1949, 1962), it
has been little studied in legumes. This is surprising,
in view of the importance of root hairs as paths of
invasion of roots by rhizobia during nodulation, and of the
known effectsof calcivm and pH oun nodulaticn. In nutrient
solution, highly significant responses in nodulation +o
calcium and pH treatments were obtained, with lucerns agan
being more severely affected bty low calecium and pH levels,
These responses were closely related to effects of calcium
and pH on root hair length and number,

In Mt. Compass sand, root hair develcpment was
much less affected by variation in calcium and pH level
than in nutrient solution, but again a large species
difference occurred. In lucerne, both root hair length
and density were considerably increased when calcium ox

pPH levels were increased, but responses in clover were
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small., Similar differences also occurred in nodulation
of the two species following improvement of calcium ané
pH levels in the sand. Lucerne showed a greater response
to both treatments than did subterranearn clover.

The evidence from experiments in both water
culture and Mt. Compass sand suggest that effects of
calcium and pH on nodulation of lucerne and subterranean
clover occur partly through effects on rooct hair develop-
ment, and that these are probably associated with effects
on calcium uptake by the plant. However, direct evidence
of this is difficult to ottain, and further studies are
required. A modification of the Fahraeus glass slide
technique (Fahraeus, 1957) may allow direct observation
of effects of calcium and pH on root hair development and
on nodulation simultaneously.

In water culture, a higher pH level was
required for nodulation than for growth of the host plant.
This higher pH requirement for nodulation, which occurred
in both species, has not bteen previously reported. There
was little evidence of a higher requirement of calcium
for nodulation than for growth, however. This is
surpriSing in view of results of other workers (Albrecht,
19323 Loneragan and Dowling, 19585 Andrew and Norris,
1961), who all found that a higher level of calcium was
required.

Although large responses to increased pH and

calcium levels occurred in llt. Compass sand, the most
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important factor limiting nodulation of both species was
the number of rhizobia on the seed and/or in the rhizo-
sphere. Consequently, inoculation of seed, addition of
fine lime in the row in contact with inoculated seed, and
lime pelleting of normally inoculated seed (lucerne only)
all resulted in significant increases in nodulation.
Evidence has been presented to show that the effects of
these three treatments (where calcium was non-limiting)
was almost solely one of increasing Rhizobium number on
the seed, in the case of inoculation; or increasing
survival on the seed, and survival and multiplication in
the sand or in the rhizosphere in the case of lime treat-
ments. In addition, it is likely that nodulation
responses which occurred when soil pH was raised or temp-
erature was increased were also partly due to incressed
survival and multiplication of Rhizobium bacteria in the
sand and/or rhizosphere.

A considerable difference in the natural occurr-

ence of R, trifolii and R, meliloti in Mt. Compass sand

and in the number of each species required for nodulation
was apparent. In results obtained from the 1962 Field

Trial, it was evident that native R. meliloti were almost

completely absent while R. trifolii were present in low

numbers. This difference is likely to be due to the
greater acid tolerance of the latter species, a fact
observed by Jensen (1942) in water culture. In Pot Trial

IIT and Field Trial I (1963) little improvement in
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nodulation occurred in clover when s¢i] pH was raised from
nearly 6.0 to near 7.0, but nodulation‘of lucerne was
considerably better at the higher level., This difference
could again be due to differences in acid tolerance of
the two Rhizobium species, although effects of pH on root
hair development may also have been involved.

In Field Trial II, 1963, where pH was unlikely

to have been limiting, 30 times as many R. meliloti as

R, trifoliji were needed on each seed to obtain equivalent

nodulation in clover and lucerne. The reason for this
difference is not clear. Tests for presence of rhizobia
in the rhizosphere indicated that at normal levels of

inoculum, the ability of R. meliloti to survive and invade

the rhizosphere of lucerne was poor, although it was
improved by an increase in temperature. The greater
improvement in nodulation of lucerne due to additiocn of
fine lime in the drill row, or to lime pelleting of seed,

compared with subterranean clover suggests that R. melilotd

was more sensitive to some conditions prevailing in the

sand than R, trifolii; perhaps to low carbon dioxide

levels in the sand, or to organic toxins,; factors already
discussed in Secticn C.

Highly significant responses to increased
inoculum level were obtained in both species, in the form
of higher percentagé nodulation, increased primary
nodulation and higher numbers of primary and secondary

nodules on each plant. In Field Trial II, 1963, and in
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earlier trials, inoculum level and primary nodule number
were closely related, although a greater increase in
nodule number occurred in clover than in lucerne with
equivalent increase in inoculum level.

A fairly precise measurement of effects of
inoculum level and other treatments on nodulation was
obtained by dividing nodulated plants into primary and
secondary nodulated, and counting the individual nodules.
By use of this technique, the importance of obtaining
primary nodulation of seedling legumes at Mt. Compass
tecame apparent, and in Field Trials I and II, 1963,
close correlations were obtained tetween primary nodule
number and dry matter production, even 14 weeks afier
sowing.

Results from growth room studies strongly
suggest that nodulation of legumes at Mt. Compass may be
limjited by low winter temperatures. At the lower tempera-
ture used in this study, comparable with winter tempera-
tures at Mt. Compass, both seedling emergence and nodula-
tion took twice as long as at the higher temperature
which was approximately equivalent to autumn or spring
temperatures. Nodulation of both species was considerably
reduced at the lower temperature. The effect of teupera~
ture on nodulation has received little attention from
previous workers on legume nodulation. These findings
indicate that it way be of considerable importance,

especially where winter sowing is practised, and deserves
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further study.

The marked effect of lime placement on root
development in Field Trial II, 1963, left no doubt that
the beneficial action of lime at Mt. Compass was not
limited to improvement in nodulation. Good nodulation in
both species could be obtained with an application of
4 cwt. of agricultural lime in the drill row, but this
treatment did not allow normal root development of the
seedlings, especially of lucerne, which was much wmore
sensitive to lime placement than clover. Examination of
the trial in i964 showed that survival of nodulated
lucerne in the sand depended largely on the development
of & good root system in the first few months from sowing.
Most plants in drill-row lime plots had died during the
summer drought, probably due to their poor root develop-
ment.

It is clear that limited application of lime in
the drill row is inadequate for good root development of
legumes in Mt. Compass sand. Greater amounts should be
broadcast and cultivated in so that acidity is reduced
throughout the top few inches of sand. It is likely that
a lesser amount would be required for subterranean clover
than for lucerne, in view of its greater tolerance of acid
conditions for growth and nodulation, and cf its surface-
rooting habit.

An outstanding feature of the whole study has

been the considerable difference in behavioyr of the two
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species in most experiments., Lucerne required higher pH
and calcium levels for growth, root hair development and'
nodulation than subterranean clover, both in water culture
and in Mt. Compass sand, while formation of nodules on
lucerne occurred several days later than on clover.
Nodulation and growth of lucerne was more affected by low
temperature than that of clover. In addition, root
development in lucerne was more affected by lime placement
than in clover. The marked differences in behaviour of

R, trifolii and R, meliloti have already been discussed.

It is clear therefore that Rhizobium meliloti and

Medicago sativa are more sensitive in a number of respects

to factors affecting growth and nodulation than Rhizobium

trifolii and Trifolium subterraneum.

The studies presented here have revealed in
some detail the basis for the complex interplay of edaphic
and climatic factors, plant and bacterial genotype and
methods of management which determine the success of an
attempt to introduce pasture legumes into the unfavourable
s0ll environment at Mt. Compass. Further work on a number
of aspects would be profitable but of special value would
be a continued study of the factors affecting the survival
of rhizobia in Mt. Compass sand or a similar soil.

In addition to their intrinsic interest the
results obtained in this work should be of value in
forming the basis of practical recoumendations on the

establishment of lucerne and subterranean clover on acid
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sands both in this and other localities. At the same time

it should be stressed that while modification of the soil
environment would seem to be a useful method of extending
the range of these species there could well be opportuni-
ties for the selection or breeding of plant and rhizobial
strains which are better adapted to these so0il conditions.
Such an approach might avoid or at least wminimise the
expense inevitably involved in modifying the soil

environment.
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v SUMMARY .
The failure of subterranean clover {Irifolium

subterraneum L, var. Mt. Barker) and lucerne (Megicago

sativa L., var. Hunter River) to nodulate and establish
on a deep acid sand at Mt. Compass, South Australia, was
investigated by means of field experiments, and pot
trials carried out in glasshouse and growth room. In
addition, studies were made of the effects of calcium and
PH on growth and nodulation of these plants in water
culture, and the information obtained used in interprsta-
tion of the results from the trials in Mt. Compass sand.
In all experiments, comparison was drawn between the
requirements of the two legumes for nodulaticn and growth.
In water culture critical levels of 0.25 me
Ca/l and pH 4.5 for subterranean clover, and of 0,50 me
Ca/l and pH 5.0 for lucerne were established, below whizh
growth was inhibited and calcium deficiency symptoms
appeared. At, or above, these critical levels almost
waximum plant growth could be obtained by an increase in
either calcium concentration or pH., Within the range
where calcium and pH were interchangeable growth was
affected by pH largely through effects on calecium uptake.
Length and density of root hairs were highly
dependent on the calcium and pH level of the nutrient
solution, and a marked species difference in response was
evident. Root hair production in lucerne was much more

sensitive to lower calcium and pH levels than subterranean



clover. DLarge nodulation respcmses to calcium and pH
treatment were obtained and these were related to affents
on root hair development. A higher pH level was reguired
for nodulation than for growth of the host plant, but
there was 1little evidence of a higher calcium requirement
for nodulation.

Nodulation in Mt. Compass sand was limited by
low soil calcium and pH, low Rhizobium numbers, and low
winter temperatures. No effect of soil sterilisation wag
observed. Substantial responses in percentage nodulation
and nodule numter per plant were obtained following
increase in pH and calcium levels, and these were related
to root hair development of the hosts. It is suggested
that effects of calcium and pH on nodulation ocour partly
through their influence on root hair development of the
host plant.

The most important factor limiting nodulation of
both species in Mt. Ccmpass sand was Rhizobium number;
and inoculation of seed, addition of fine lime with seed,

2

or lime pelleting of seed (lucerns only) all resulted in

]

a marked increase in nodulation by incressing Rhigotium
number on seed, in soil, or in the rhizosphere., Part of
the nodulation respouse fto increased s¢il pH and tempers-
ture is also attributed to effects on Rhizobium number.

In the field, increases in incculun level caused

very large increases in percent
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number per plant in both species. Inccuiunm level and
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number of primary nodules per plant were closely related.
Close correlations were also obtained between primary
nodule number and dry matter production, and the impor-
tance of obtaining primary nodulation of seedling legumes
at Mt. Compass was demonstrated.

In a growth room at a lower temperature (459F
night - 60°F day), seedling emergence and nodulation took
twice as long as at a higher temperature (60°F night -
75°F day) and nodulation was considerably reduced. It is
suggested that at Mt. Compass, nodulation is reduced by
low winter temperatures.

Good nodulation of both species was obtained
with 4 cwt. of agricultural lime concentrated in the drill
row, but only when 1 ton was broadcast and rotary-hoed
t0 4" depth was root developuent normal. Survival of
lucerne over summer depended largely on good root develop-
ment. It is suggested that the extra lime reduced acidity
in the mass of the sand and improved calcium uptake.

Rhizobium meliloti and Medicago sativa were

both more sensitive to a number of the factors examined,

which affected nodulation and growth, than R. trifolii

and Trifolium subterraneum. R. meliloti was less tolerant

of low pH and was aksent in virgin sand (pH 5.0), whereas

R, trifolii appeared to be present in small numbers. Even

where pH was favorable, 30 times more R, melilioti than

R. trifolii were needed on seed for equivalent nodulation

in the two hosts. Rhizosphere colonisation by R, meliloti
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was poor at a normal level of inoculum, when grown at
45°F night, 60°F day, btut improved by raising ‘temperature
to 60°F night, 75°F day.

Lucerne required higher pH and calecium levels
for plant growth, root hair development, and nodulation
than subterranean clover, toth in water culture and in
Mt. Compass sand. Other differences noted were that
formation of nodules on lucerne occurred several days
later than on clover, and that in the field, lucerne
needed more lime for optimum reot development than

subterranean clover.
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APPENDIX 1.

Water Culture Trial I - Harvest I.

Subterranean Clover Lucerne
Treatment|Length of Dry Weight Relative>Lenéthtﬁ . Dry Weight Relative
pH Ca  {Taproot - (mg) Total {Taproot (ng) Total

(we/1)|{em/P1t.) Tops  Roots Yield. {{cem/Plt.) Tops Roots Yield

4.0 0.10] 2.9 34.7 9.5 35.7 2.4 29.4 3.6 17.9
i 1.00 3.5 39.5 13.2 42,6 2.6 34.8 7.5 22.9

" 10.00 4.1 53.9 16.6 57.0 6.0 52.1 12.2 34.8

1 5.0 0.10{ 10.9 76.4 27.8 84.2 12.0 92.8 24 .4 63.4
"o 1.00] 15.5 T1.4  27.4  79.9 17.5  101.3 30,1 71,0

" 10,007 17.8 65.6 21.6 70,5 20,0 110.6 23.9 74 .0
6.0 0.10] 15.9 89.3  34.4 100.0 17.4 152.7  32.1  100.0
u 1.00] 19,1 78.9 29.5 87.5 24,1 143.0 32.9 95.2
10,001 19.2 63.9 24,2 75.8 25,9 116.3 26,6 77.3

All figures are the wean of 4 replicates.
Jry weights are the total from 3 plants.




APPENDIX 1 (cont.)
Lo.g Data.
Treatment | Subterranean Clover Lucerne 7
| pH Ca Length of Dry Weight Length of Dry Weight~
(me/1) Paproot Tops  Roots Taproot Tops Roots
4.0 0,10 0.46 1.54 0,98 0.37 1.47 0.55
" 1.00 0.54 1.59 1.11 0.41 1.52 0.86
" 10,00 0,61 1.68 1.16 0.77 1.71 1.07
5,0 0,10 1,03 1,88 1,43 1,07 1,92 1.34
i 1.00 1,18 1.84 1.42 1.20 1.99 1.41
" 10,00 1.25 1,81 1.33 1.28 2,02 1.33
6.0 0.10 1.20 1.95 1,54 1,24 2,18 1,49
w 1,00 1,28 1989 i.45 1.38 2,15 1.52
# 10,00 1,28 1.80 1,34 1,41 2,06 1.42
Cég pH IMSODO5% G.0% 0,07 0,09 0.09 0,10 0.12
1% 0,07 0,10 0,12 0.12 0,13 0.16
Ca x pH LQSODO5% 0.09 0.12 0.15 0,15 0.16 0.21
1% 10,12 C.17 0,20 0.21% 0.2 0.28

cle



APPENDIX 2,

Water Culture Trial II - Harvest I,

Subterranean Clover i Lucerne
Treatment | Length of "Dry Weight RelativeiLength of Dry Weight Relative
pH  Ca | Taproot {mg) - Total {Paproot- (mg)  ~  Total
{me/1) | (em/plt.) Tops = Roots Yield {(en/plt.) Tops . Roots Yield
| 4.5 0.05 3.1 28.3 5.4  14.6 | 7.0 32,3 7.3 21.4
" 0,50 6.1 92.7 34.4 54.9 9.3 84.2 28.0 60.7
" 5.00 12.2 135.5 56.0 82.7 18.2 86.9 41.4 69.4
5.0 0,05 6.5 55,0  11.1 28.5 9.0 35.0 7.2 22,8
" 0.50 8.9 143.2 54,2 85.2 16.5 104.5 34,2 75.0 .
" 5,00 12.4 154.9 62,0 93.7 24,2 106.2  44.3 81.4
£.0 0,05 9.2 86,3 8.9 45.4 11.4 45.3 1.6 30.8
"G50 1404 152.0 58.7 1.0 26.3 195.2 43,1 §4.6
" 5.00 18,8 18T .3 64 .3 100.0C 3206 132.4 52.5 106,06

all figures are the mean of 4 replicates.
Flant wezights are the total from 3 planta.




APPENDIX 2 (cont.)
Ldg Data.
Treatment Subterranean Clover Lucerne

pH Ca Length of Dry Weight Length of Dry Weight
(me/1) Taproot Tops Roots Taproot Tops Roots
4.5 0,05 0.49 1,44 0.72 0.84 1.51 0.86
N 0.50 0.78 1.97 1.53 0.96 1.92 1.45
" 5,00 1.08 2.13 1.75 1.26 1.94 1.62
5.0 0,05 0,81 1.73 1,03 0.94 1,53 0.85
“ 0.50 0.95 2,15 1.73 1.22 2,01 1.53
" 5,00 1.09 2,19 1.79 1,38 2.01 1.64
6.0 0.05 0.96 1.93 1,27 1.05 1,64 1.06
H 0.%0 1.15 2,18 1,76 1.42 2,05 1.62
" 5.00 1.27 2.22 1,80 i.h1 2,12 1.71
Cég pH L.5.D.5%{0,05 0.06 0.07 0,06 0.07 0.07
1%(0.07 0,08 0,10 0,08 0,10 0,10
Ca x pH LOSODOB% 0.09 G.10 0,12 0,10 0,13 0,12
1% 0.12 0.13 0.17 0,13 0,18 0.17

Lie



APPENDIX 3.

Rﬂot,Hair_Developmeﬁt - Yater Culture.

Treatment Subtérranean'Clover : : Lucerne
pH Ca Length of Mean Mean Length of Mean Mean
(me/1) taproot length density | taproot length density
with hairs score score with hairs score score
(mm) (mm)

5.0 0,10 . 1.0 0,50 0,50 0 0 0

w 0.50 2.7 1.0C 1.44 "0 0 0
" 5,00 4,3 1.64 1.92 0,9 1.63 2,87
6.0 0,10 8.5 1.55 1.68 2.7 1,70 1.43
" 0,50 13.0 1.74 1.97 4.7 2,39 1.74
" 5.00 13.3 1,823 1.88 4.0 2.69 2.47
Ca L.S.D., 5% 1.8 0.31 0.35 2,5 0.67 0.47
1% 2.4 0,43 0.48 3.7 1,02 0,7t

pH L.S.D. 5% 1.4 0.25 0,28 - - =

1% 2.0 0.35 G.39 - - =

Ca x pH L.S.D.5% 2.5 0.43 0.49 - - -

1% 305 0060 0068 = - =

A1l figures are the mean of 4 replicates, 6 plants/re'plicate°

gle



APPENDIX 4.

Nodulation - Water Culture ({log data).

(Y

. Treatment Nodules/Nodulated Plant
pH Ca Subtterranean Clover Lucerne
(me/1) ~ ‘
4.5 0.10 0 0
0.25 0 0
0.50 0 0
1.00 0 0
5.00 0 0
5,0 0.10 0.33 0
0.25 0.48 0
0.50 0.66 0
1.00 1.04 0
, 5.00 2.00 0
6.0 0.10 1.74 0.47
0.25 1.95 1,11
0.50 2.05 1.55
1.00 2,07 1,64
5.00 2.16 1.90
Ca L.S.D. s%f 0.25 0.50
1% 0.34 0,70
| pH L.S.D. 5% 0.16 -
1% 0,24 -
Ca x pH L.S.D. 5% 0,35 =
1% 0.48 -

All figures are the mean of 4 replicates,

6 plants/replicate.



Trees, shrubs.

Herbs.

APPENDIX 5.

Vegetation - Mt., Compass.

Acacia verticillata

A, myrtifolia
Banksia marginata
B. ornata

Boronia filifolia
Conospermum patens
Casuarina paludoss
Dillwynia floribunda
Eucalyptus baxteri
Hibbertia virgata

Ho sericesa
Isopogon ceratophyllus
Leucopogon virgatus
Leptospermum myrsinoides
Pimeliai humilis
Platylobium obtusangulum
Xanthorrhoea semiplana

Centrolepis aristata

C. strigosa
Crassula pedicellosa
sieberiana

Clcenda filiformis
Goodenia geniculata
Helichrysum scorpioides
H. obtusifolium

H. blandowskianum

Hydrocotyle callicarpa
Hypolaena fastigiata
Juncus bufonius
Kennedya prostrata
Lagenophora stipitata
Laxmannia sessiliflora
Luzula campestris
Microseris scapigera
Nillotia teruifolia
Opercularia turpis
Patersonia glauca
Podosperma angustifolia
Pteridium aquilinum
Rutidosis multiflora
Scirpus antarticus
Senecio quadridentatus
Stuartina muelleri
Viola sieberiana
Wahlenbergia gracilenta
Zaluzianskia divaricata

280



Exotics.,
rp—————————p o,

2581

Airas caryophylla
Briza maxima
Cerastium viscosum
Erodium botrys
Leontodon leysseri
Poa annua

Rumex acetocella
Trifolium arvense

. glomeratua
Vulpia myuros



APPENDIX 6.
Mt. Compass Field Trial 1962,

Harvest I = Subterranean Clovey,

Treatment % Nodules/Plant
INodulation Primary Secondary

PH 5.0 Cay Iny 54 .7 0.9 1.5

" In2 100.0 3.1 3.5

Ca1 In1 72,7 1.0 2.6

Ca, In, 64 .6 0.4 2.7

" In, | 100.0 345 4.9

Cay In, - 66.7 0.8 3.5

Ca4 In, 67.5 0.9 3.0

" In2 100.0 4,0 7.1

PH 6.0 Cao In1 89.2 1.1 2.1

" In, 100.0 4.3 5.3

Cay In, 74 .6 1.2 2.6

Ca, In, 75.8 2.2 3.4

“ In2 97.9 5.8 3.5

Cay In, 75.8 1.3 3.5

Ca, In, 83.7 1.3 4,0

" In, 97.7 4.5 6.4

2 Ino 62.8 0.5 2,8

PH 6.8 Ca2 In2 100,0 4.3 6.7

Ca4 In, 100,0 3.9 4.5

Significance of differences.

Inoculum 1% 1% 1%

Calcium Nn.s, n.s, n.s,
pH 5% 5% n.8.
In x pH 5% n.s. n.s.
In x Ca n.s. n.s. n.s.
Ca x pH n.s. n.s. n.s,

All figures are the mean of 4 replicates -
12 plants/replicate,



APPENDIX 6.

Mt, Compass Field Trial 19620

Harvest I - Lugerne.

Treatment % ‘Nodules/Plant
Nodulation Primary Secondary
pH 5.0 Cao In1 2.1 1.0 0
" In, 4,2 1.0 0
Ca1 In1 2.1 1.0 0
‘ Ca2 In, 0 - -
" In, 10.4 0.9 0.4
Ca3 In1 0 - -
Ca4 In1 0 - =
g In2 18,3 1.1 0.4
PH 6.0 Cao In, 8.3 0.5 0.7
" In2 33.4 0,8 0.6
Ca1 In1 6.4 0.7 0.7
Ca2 In, 6.1 0.8 0.5
" Ing 20.8 0.9 0.7
Ca3 In1 8.8 0.5 0.5
Ca4 In1 6.8 1.0 0.3
" In2 47.9 0.7 1.0
1] InO O . -
‘PH 6.8 Ca2 In2 65.9 1.3 0.6
Ca4 In2 66.7 1.4 0.5
Significance of differences,
Inoculum 1% 1% 1%
Calcium n.s. n.s. n.s,
oH 1% 5% 1%
In x pH | Nn.S. N.S, N.S,
In x Ca n.s, N.8, N.S8,
Ca x pH : NeSo, N.S, n.8,




APPENDIX 7.
Mt. Compass Field Trial 1962.

Harvest II = Sub?erranean_01overo

Treatment  [#Nodu- | Nods./Plant |Dry wgt.tops| % Ca
lation Prin., Sec.| (mg plant§
PH 5,0 CaQ In1 92.6 1.9 2.4 51 =
" In,| 100.0 6.2 5.6 68 1,02
Cay In, 98.8 2.8 2.9 57 =
Cay In, 9.5 2,5 3.3 51 -
" In,| 100.0 7.3 6.1 78 1036
Oa3 In, 97.5 2.2 3.0 65 -
Ca4 In1 100.0° 2.5 3.0 43 =
" In2 100.0 4.5 8.2 56 1,73
pH 6.0 Cao In1 100.0 3.3 3.2 60 =
" Iny,| 100.0 5.8 7.4 71 0,91
Caq Ing| 99.0 3.3 3.5 56 =
Ca2 In1 100.0 4.4 4.6 51 -
" In, 98.8 6.9 7.6 66 1.24
Ca3 In, 96.3 3.4 5.1 51 -
Ca4 In, | 100.0 3.3 4.8 51 -
" In,| 100.0 6.9 8.0 68 1.58
" In, 98.7 2.6 6.4 50 -
H 6.8 Ca, In,2 100,0 7.0 6.9 69 | 1.51
Ca, In,| 100.0 5.9 7.4 56 177
Significance of differences.
Inoculum - 1% 1% - =
Calcium - n.s, N.8. - -
pH - 1% HeS, - -
In x pH - NS, f.8, - -
In x Ca - n.s, n.s. - =
Ca x pH - Nn.8., No8. e =

All figures are the mean of 4 replicates,
20 plants/replicate. (Reps. bulked for Ca analyses)




Mt., Compass Field Trial 1962.

APPENDIX 7.,

‘Harvest II -~ Lucerne.

285

Treatment  |#Nodu- | Nods./Plant | Dry wgt.tops| % Ca
=N lation | Prim., Sec. | _(ug/plant) |
| , od. Non-nod, ]
pH 5.0 Cay Iny 1.4 0 1.0 | - 8 -
" Ing | 21.1 1.4 1.2 | 20 10 1.45
Cai In, 6.7 0.9 0,7 | - 10 -
Ca, Ing 11.1 1.4 0.6 | = 10 -
" In, 31.0 1.5 0.6 |10 8 1.89
Ga3 In, 7.9 2.7 0.3 | - 9 =
Ca4 In, 8.7 0,6 0.9 |- 12 -
" In2 26,1 2.4 0.6 |20 9 2,34
PH 6.0 Cay Ing | 25.4 1.2 0.5 |18 9 =
" In2 53.3 2.0 0.7 13 14 0,91
Cay Iny 25.8 1.7 0.8 |16 8 -
Ca, 1n1 21,7 1.6 2,1 14 10 -
" In, - 51.7 1.5 0.8 10 T 1.50
Ca3 In, 21.5 0.7 1.2 9 7 -
Ca4 Ing | 21.2 | 0,9 1.3 17 11 -
" In, 1 69,5 1 1.7 1.1 17 7 2,10
" Ing | 3.1 | 0.4 1.7 14 12 -
PH 6.8 Ca, In, 73.6 | 1.5 1.1 14 8 2,08
’ Ca, In, {89.5 | 1.7 1.1 13 8 2,20
‘Significance e% differepces.
Inoculum 1% 1% - - - -
Caleium N.8, n.s, =~ - = -
pH 1% n.s. = - - -
In x pH n.s. Nnos, = - - =
In x Ca n.s. n.8, = - - -
Ca x PH .8, 5% - - - -

All figures are the mean of 4 replicates,

20 plants/replicate. (Reps. bulked for Ca analyses.)



'APPENDIX 8.

Pot Trial I ~ Mt. Compass Sand.

Preatment _ % Nodulation - Nodules/Plant | Dry Wgt.Tops(mg/plt. )
Prim.  Sec. Non- {Prim.Nod.Plts, Sec.Nod. |Prim. Sec. Non-
nod. | Prim.,  Sec.{ Plts. { nod .
Subkerranean Clover.
PH 5.0 Cag Iny | 26.6  40.6 32.8 | 6.5 1.5 5.8 | 41 24 21
" In, | 98.5 1.5 0 7.8 1.4] - 45 - -
Ca, In, 9.8 3.1 59.1 4.9 0.2 4.1 28 26 22
o In2 92.6 3.0 4.4 7.7 1.1 - 43 - _
Ca, In, 33.2 36.5 30.3 4.2 0.4 5.9 35 27 23
" In2 94 .5 5.5 0] T.2 1.4 - 44 - -
rH 6.0 Cay In, 29.0 71.0 0 6.8 13.0| 25.7 46 26 -
" In, | 98.6 1.4 0 9.2 5.6 | - 54 - -
Cay In; | 37.2  62.8 0 5.8  12.3| 19.8 | 42 29 -
" In2 100.0 0 0 8.9 11.0 - 48 - =
Ca, In, 30.6 69.4 0 6.2 14.3| 26.3 45 27 =
o In2 100.0 0 Q 17 1.1 - 49 = -
Significance of differences.
Inoculum 1% 1% - 1% 1% 1% 1% 1% -
Caleium N.8, n.s, = 1% n.8. | n.s. n.s. n.s, -
i n.s., 5% - - 5% 1% | 1% 5% 56 -
Mean of 6 replicates, 12 plants/replicate. 4




APPENDIX 8 (cont.)

Treatment ~ # Nodulation Nodules/Plant Dry Wgt.Tops (mg/pit.)|
‘Prim.  Sec. Non~ |Prim,Nod,Plts,|Sec.Nod.| Prim. Sec. Non-
nod. Prim. .. -"Sec.| Plts. ' nod .
Lucerne.
PH 5.0 Cao In1 Ts9 0 92.1 - - - - - i903
" In, | 36.1 2.8 61,1 | 4.1 o | - 18 - 9.8
Ga1 In1 1.4 0 98.6 - - - - - 10.2
" In, | 23.6 9.7 66,7 | 4.7 0 - 20 - 11,3
Ca, In, | 2.8 o 97.2 | - - - - - 13.5
" In2 26.4 4,2 69.4 3.7 0.3 - 17 - 12.7
pH 6.0 Cao In1 36,1 38.9 25.0 6.1 1.6 3.8 21 14 12
" InZ 75.0 22.2 208 6.1 3.5 T.6 22 12 -
Ca, In, | 23.0  27.5 49.5 | 5.5 0.8 | 4.8 | 19 15 11
" In, 57 .0 33.3 9.7 562 4,6 7.0 23 14 =
Caz In1 33.3 37.5 29.2 4,8 2.1 5.2 24 16 14
" In, 63.6 26.4 4.0 5.2 4.7 9.5 22 15 =
Significance of differences.
Inoculum B 1% NeSo = n.s. 1% 1% n.s. NeS. =
Calcium n.s. n.s. = 1 5% n.s.| 5% n.s. NeS. =
pH . 1% 1% - 1% 1% 1% 1% 1% -
Mean of 6 replicates, 12 plants/replicate.
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Pot Trial I, Mt, Compass Sand.

APPENDIX 8.

Chemical Analyses of Tops.*

Treatment % Ca % N % P
P.N.P. N,F.,P,| P.N.P. S.N.P. N.N.P, P.N.P. K.N.P.
. Subterranean Clover,
pH 5.0 0&0 II'Lé 0,39 0,56 5.18 3.00 2.47 1.13 1.70
Ca1 In1 0.79 G.97 5.50 3.19 2,87 1.14 1.53
08,2 In1 0085 101\8 4054’ 2083 2084 0090 1026
pH 600 09.0 IILE 0038 - 5009 3050 == 1620 =
ca1 Ini Oo? a 3087 304,2 ot 0090 =
Gaz In1 0093 = 4069 3074 = 0076 =
Lucerne.
PH 500 cao In2 0038 0048 50‘34 - 2094 1030 ‘EO?Q
Ca.ﬁ Inz 0070 0084 4012 il 2055 0088 1-024
Ca2 In2 0,83 0.96 3.57 - 2,70 0.82 1,00
PH 6.0 Cao In1 0.37 0.43 5.16 2.87 2.58 0.94 1,13
Ca1 In1 0.72 0.80 5,19 3.28 2,81 0.88 0.80
Ca, In, 0,86 0.93 5.17 3.15 2.31 0.67 0.62

* Replicates bulked before analysis.

Primary nodulated plants, S.N.P. = Secondary nodulated plants.
Non-nodulated plants. .-

P.N.P.
N.N.P.

-
-

i

88¢



APPENDIX 9, _
Pot Trial II - Mt. Compass Sand.
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(cont,)

APPENDIX 9

Dry Wgt.Tops(meg/plt)
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APPENDIX 9.

Pot Trial II - Mt, Compass Sand.

Percentage Calcium in Tops, *

Treatment Subterransan Clover Lucerne
pH 5.0 Cag C. 0.63% 0 . 60NN
G.A, 0.63 0.65NN
L.P. C.63 0.5%
Caqy C. 1,60 0. 93NN
G.A. .92 0,88NN
L.P. 1,01 0.86
pH 6.0 Cay C. 0.53 0.53
G.A. 0.49 0.%53
L.P. 0.53 0,55
Caq C. 0,92 C.79
G.A. 0.94 G.T1
L.P, 0.79 0.79
Pelleting L.S.D. 5% | 0.21 0.18
1% ; 0.49 0.40
Calcium L.S.D. 5% | 0,17 0.14
1% 0.40 0,33
Pelleting L.S.D. 5% 0,30 0.25
x Ca 1% 0.69 0.57

C. = Control. G.A., = Gum Arabic, L.P. = Lime Pellet
# Cglcium figures are all from primary nodulated plants
except where marked NN (non-nodulated plants).




APPENDIX 10.

Pot Trial III - Mt. Compass Sand.

Effect of pH on Nodulation.

Treatment Sutterranean Clover Lucerng
% Nodulation % Nodulation
Prin. Sec. |[Non-nodi. ?rim° Sec. -Non—nodo

oH 4.90 | B

x 1 In 44.4 (0.72)*| 44.4 | 11,2 10 (0 )¥ O 100.0

x 1000 In 100.0 (1.47) 0 0 2.8 (0,13) 2,8 5.5
pH 6,15

x 1 In 72.2 {(1,01) | 25.0 2.8 2.3 (0.27) 1 11.7 76,0

x 1000 In 100.0 (1.47) 0 0 75,0 (1.04) 25,0 0
pH 6.60

x 1 In 75,0 {(1.04) | 22.2 2.8 M3.7 (0.71) | 11.1 45.2

¥ 1000 In 100.0 (1.47) 0 0 52,3 (1.33) 5.1 2.6
L.S.D. 5% (0.15) | - - (0.16) | - -

1% (0.20) | - - (0.21) | - -

* Arcsin transformation.
A1l figures are the mean of 3 replicates, 12 plants/replicate.




APPENDIX 11,

Mt. Compass Field Trial I, 1963,
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APPENDIX 11 (cont.)

Preatment % Nodulation Nodules/Plant Dry Wgt.Tops (mg/plt.)
Prim. | Sec. Non-nod. Prim.Nod.Plts.|Sec.Nod.}| Prim.Nod. Non-nod.
Prim. . JSec.| Plts. Plts., Plts.
TIucerne,
pH 5035
Cay iIn 0 0 100.0 (1.47)7 - " - N 1.8 (0.44)%
" Ing 6.1 0 93,5 (1.34) | - - - - 1.7 €o°44§'
» Ca, Inj 4.6 0. 95.4 (1.36) | - - - - 2.0 (0.47
W In, |56.5 2.1 41.4 (0.69) | 2.1 0.1 - 2.5 - -
pH 6.30 _
Caq Iny 0 0 100.0 (1.47) | = - - - 1.9 %0,46)
W oIn, [46.2 0 53.8 (0.82) | 1.6 0,9 - 2.5 1.9 (0.46)
Cay Inf 4.2 0 95,.& (1939; - - - - 2.0 (0.47)
W Tn,  |62.2 F o7 30.1 {0.51) | 2.7 0o2 - 2., - -
pH 7.00 ‘
Ca. In, 1.6 2.1 96,3 {1.38) | - - - - 2.1 {(Co52)
WO 1pt 441 | 7.5 | 4803 (077 | 2.2 0.3 - 3.1 - -
cai lﬁ; “:i'og O 950% idEoBk?} "" e e e Eoﬁs (\0047)
W' In,  |67.8 2,1 30.1 (0,57, ] 2.9 0.4 - 2,8 - -
Ca., Inoc,
L.S.D. 5% (0,18) 1 0.7 - - (0.04)
1% {(C.28) ] 1.0 - (0.0€)
joii! =
L.5.D. 5% (ﬁnzég 0.6 - - (0.04)
1% (0.21) | 0.8 - - (0.05;
Ca,In x pH _
5 20.32) 1.2 - - go,o7\
1% 0.43) | 1.7 - N 0.10)
* Arcesin transformation.
+ Log data.

Mearn of 4 replicates, 12 plants/replicate.
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APPENDIX 12,

Mt. Compass Field Trial I, 1963. Hufvesf~ﬂ

Treatment % Noaulation Nodules/Plant | Dry Wgt.Tops (wa/plt.)
Prim. ~ See. |Non-|PrimNod.Plts, [SecNod.| Prim.Nod. | Sec.Nod.
: - - jnod.{Prim. Seec, {Plts. Plts. Plts.
Subterranean Clover.

P 5.35 _ ' . 2 7 + +
Ca, In, | 52.6 (0.81)"40.8 (0-69)16.6 | 2.5 1.0 3.0 |23.4 (1.39)%16.1 (1.23)
Ca, Inj 61.9 (0.90) 38.1 (o.ssrlo 2.8 4.5 5.7 |22.1 (1.34) [18.4 (1.25)

2 31n2 100.0 (1.47) |0 (o 0 5.4 11,5 | - 29.4 (1.47) | - -

pH 6.30 ; = - _ _

Cag In; | 60.6 (0.89) B7.1 (0.65) |2.3 [ 2.1 4.0 4.5 |28.1 (1.45) [23.5 (1.36)
" In2 100,0 1047 0 0. ﬁo 600 807 - 3703 1.58 - -

Ca; Ing 72.1 (1.01) |27.9 (0.55) o 3,2 4.8 {7.5 [22.7 (1.36) [19.7 (1.28)
"' In, {100.0 (1.47) (0 0 0 6.6 11,7 |- 44.7 (1.64) | - -

o 7.00 . , : - _ , _ . _ _
Ca;, In, 57.0 (0.85) 43.0 {0.71) lo 1.9 3.6 | 5.2 |22.4 (1,363 17.3 (1.26)

"" In, |100.0 (t.47)10 (0. ; 0 6.6 9.7 | -. 39.0 (1.59) | - -
Ca, Inj 69.6 {0.98) 30.4 {0.56) |0 3.9 4.8 | 8.0 |26, 1,43g 24 .7 (1.40)

__ " In, 1100.0 (1.47){0 {0 )} 7.9 10,7 |- 32,9 (1.51) |- -

Ca, Inoc. )

1.5.D. 5 (e.osg (0.08) 0.8 1.5 | 2.0 (0.08) (0.13)
1 (0.11 (0.11) 1.1 2.0 | 2.7 {0.12) (0.,18)

pH : .

L.8.D. 52 §0.0’?3 $°°°7§ 0.7 1.3 | 1.7 go,o73 éoong
1 \0009 \0010 1 ao 107 293 0010 0915

CayIn x mH ’ .

1.5.D. 5 (0.13; (0.14) 1.4 2.6 | 3.4 gools) (00223
1 (0.18 (0.19) 1.9 3.5 | 4.7 0.20) {0.31




APPENDIX 12 (cont.) tbcv¢sf i

Treatment % Nodulation Nodules/Plant Dry Wgt.Tops(mg/plt.)
Prim. | Sec. Non-nod., Prim.Nod ,Plts.l Sec.Nod.| Prim.Nod. Non-nod,
' Prim, Seec.] Plts, Plts. Pits.
Lucerne.
pH 5.35 * R
Ca, Ing 0 0 100.0 (1.47) | - - - - - 1.8 (0.45)
" In, |32.1 0 67.9 g1.013 2,0 0,1 - 7.6 (0.93) (2.0 (C.47)
Cay Iny | 5.3 | 5.5| 89.2 (1.26) | - ~ - - = 2.4 (0.53)
# Tn, |T76.4 | 10,3 13.3 (0.27) | 3.3 0.7 - 9.7 (1.02) i- -
1ﬁ \-"930 =
Cag Iny | 2.3 | 10.0] 87.7 51027 - - - =_ = 2.4 {C.53)
i Ing bs:,z 809 27¢9 004'9. 205 007 - 60? (0088) = =
Cay Ing 5.0 | 12.4 | 82.6 2@017 - - - - - 2.7 (G.5€)
vl Tnm. 179.4 | 10.5 | 10.1 (0.27 2.9 0.7 - 7.9 (0,94} = -
pd 7.00 ¢ .
Cay In, 7.8 0 92,2 (1.29) | - - - - - 1.4 (0.62)
w In,  |T1.8 | 16,61 11.6 (0.25) | 3.2 0.9 - 8.3 (0.93) = =
Cay Int 4.2 2.5 { 93.3 (1.33) | - . - - - 2.6 (0,53
i # l}.‘l;s 91 cO E‘ol 509 &0018) 30§ ?03 = ‘EOcG (“EcOG) = =
Ca, Inocz. ' , _
L.S.D. 5% §o°233 0.5 - {0,1C) (0,07}
(%% KGOB"‘; 008 (00143 {GQT’G}
pH ) _
L.S.D. 5% (0,20} | 0.5 - - (0.09) {0.06)
i% (c.27y | 0.7 = = (0012§ {C.08)
Ca,In x pH
L.S.D. 5% (0.39) | 1.1 - - (0.18) (0.12)
1% (0.53) | 1.5 - - (0.25) (0.17)

# Arcsin transformation.
+ Log data.

a

Mean of 4 replicates, 12 plants/replicate.

8962



297
APPENDIX 12,

Mt. Compass Field Trial I, 1963.

Harvest II.

Percentage Calcium in Tops., ¥

Treatment Subterranean Clover Lucerne

PH 5.35 Cag Iny 0.66 0.32NN
" In, 0.90 0.60

Ca1 In1 1.66 1.43NN
" In, 1.78 1.60

pH 6.30 Cagy Ing 0.86 0.65NN
" In, 0.90 0.60

Ca1 In1 1,63 1.57NN
" In, 1.69 1.82

pH 7.00 Cay Ing 0.91 0.67NN
" In, 1,01 0.82

Cay Ing 1.72 1.50NN
" In, 1,86 1.98
Caleium, Inoculum L.S.D. 5%| 0.11 0,31
1%| 0.25 0.70
pH L.S.D. 5%| 0,13 0.37
1%1 0.31 0.86
Ca, In x pH L.S.D. 5%| 0,19 0.53
1%| 0.43 1,22

* Calecium analyses are on primary nodulated plants except
those marked NN (non-nodulated plants).




APPENDIX 13,

Mt. Compass Field Trial II, 1963,

Harvest II.

Treatment % Nodulation Nodules, Flant
Prim, Seco Non=| Prim.led . Fits . |SeeNod,
nod .| Prim, Sac, | Plts,
Subterranean Clover.
Drilled lime
x1 inoculum | 88.0 (1,21)*1200 0 3.4 Go2 | ToT
x10 o 98.7 (1.44) | 1.3 |0 5.2 11.3 | =
x100 " 100.0 (1.47)} 0 0 7.5 12,2 | =
x1000 " 100.0 (1.47)1 0 0 8.3 4ol | =
x1 + lime pellet | 92,1 (1.32) | 6.7 [ 1.2 | 3.7 4.4 | B.4
Broadcast 1imé'
x1  inoculum | 75.9 (1.05) 24,1 | 0 2.5 6.2 | 6.3
10 n 97.5 (1.40)| 2.5 | 0 4,2 9,2 | =
x100 " 100,0 (1.47)| 0 |0 6.6 12,5 | -
x1000 " 100.0 (1.47)} 0 0 7.2 13.% | -
x1 + lime pellet | 83.9 (1.16) [16.1 | O 3.5 4.7 | 6.3
x1 inoc. (peat) | 85,7 14,310 4,0 8.3 | 8.8
x10inoc, (peat) {100,0 0 0 6.3 13,6 | =
Inoculum
L.S.D. 5% (0.13) 0.8 2,1
1% (0.17) 1.1 2,9
Lime
L.S.D. 5% (0.07) 065 1.3
1% (0,10) 0.7 1.8
Inx L
L,S.D. 5% (0.17) 1.2 3o
1% (0.23) 1.6 400

* Arcsin transformation,

Note:

Peat inoculum results were not statistically analysed,

k™

[Se]



299
APPENDIX 13 (cont.)

Mt, Compass Field Trial II, 1963,

Harvest 11,

| % Nodulation "1 Nodules/Plant

. Prim, | Sec. Non-nod. Prim Nod.Plts . |Sec.Nod

Prim, Sec, |Plts, |

’ Lucerne.

f +* ¥* % i

74,9 (1.04)7[17.7 (0.43) 7| 7.4 (0.23) 3.2 1.1 4,8 |

- 90,0 (1.26) | 7.5 (0.24) | 2.5 (0,12 3.6 2,1 3.3 |

100,0 (1.47) | 0 (0 ) jo (0 ) | 4.3 3.3 - ’

100.0 (1.47) | 0 (0 ) j o (0 ) 3.5 2.3 -

g 89.0 (1.25) | 7.0 (0.23) | 4.0 (0.17) 2,9 0.8 501

| 45.8 (0.74) | 9.9 (0.31) [44.3 (0.72) | 2.6 0.4 | 2.9

| 74.5 (1,04) {14.8 (0.39) [10.7 (0.31) } 3.1 1.7 | 3.7

£ 86,0 (1.19) |14.0 (0.37) | 0 (0 ) | 3.3 2.6 1 5.6

: 97.6 (1.40) | 2.4 (0.11) | 0 (0 ) |} 4.2 3.5} 6.0

. 78,2 (1,08) |14.2 (0.37) | 7.6 (0.28) 3.2 0.9 501

1 51,8 20,9 27 .3 2,5 0.8 3.7

L T4.T 14,9 10.4 2,8 1.4 | 4.7

f (0.13) (0,12) (0,14) | 0.4 0.6 | 1.3
(0.17) (0.17) (0.19) 0.6  C.8 1.9

! (0.08) (0,08) (0,09) | 0.3 0.4 | 0.9

; (0,11) (0,11) (0,12) 0.4 0.5 1.2

| (0.18) (0.18) (0,19) | 0.6 0.8 | 1.9

i (0.24) (0.24) (0,27) | 0.8 1.1 | 2.6

* Arecsin transformation.



APPENDIX 13 (cont.)

Mt, Gompass‘Figld Trial II. 1963,

Harvest 11,

Dry Weight of Tops (gm/plant).

300

_ Subterranean Clover Lucerne
Drilled lime.
x 1 inoculum 0.478 (2.67)% 0,057 (1.74)*
x 10 " 0,618 (2.77) 0,081 (1.87)
x 100 " 0.623 (2,78) 0.115 (2,05)
x 1000 " 0.663 (2.82) 0.086 (1.92)
x 1 + lime pellet 0.490 (2,66) 0,062 (1.77)
Broadcast lime.
x 1 inoculum 0.540 (2,70) 0,063 (1.67)
x 10 " 0,735 (2.85) 0.131 (2.05)
x 100 " 0.720 (2,.85) 0,141 (2.12)
x 1000 " 0.900 (2.94) 0,187 (2.27)
x 1 + lime pellet 0.433 (2.63) 0.151 (2.17)
x 1 inoc., (peat) 0.728 - C.099 -
x 10 " " 0,970 - 0,184 -
Inoculum L.S.D. 5% (0.12) (0.21)
1% (0.17) (0.28)
Lime L.S.D. 5% (0.08) (0.13)
1% {(0.11) (0.18)
InxL L.S.D. 5% (0.18) (0.30)
1% {0.24) (0.40)

* Log data.






